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Preface 


The  first  meeting  for  this  young,  rapidly  evolving  topic  was  an  invitational  workshop 
held  in  association  with  the  Spring  1990  MRS  Meeting.  Prior  to  that  event,  no  more  than  one 
or  two  papers  on  the  topic  had  been  presented  at  the  same  meeting  or  published  in  the  same 
journal  issue.  The  response  to  this  symposium,  less  than  two  years  later,  accurately  reflects 
the  increasing  awareness  of  the  rich  combination  of  fundamental  materials  science  and 
electronic/optoelectronic  applications  that  are  at  play  in  the  subject. 

The  gradual  and  incomplete  understanding  of  the  basic  mechanisms  responsible  for  the 
remarkable  propertie.s  of  these  materials  have  produced  a  confusion  of  names.  At  the  time  of 
planning  for  this  symposium  the  organizers  attempted  to  select  a  suitable  name,  one  reflecting 
the  understanding  to  date.  However,  events  would  have  it  otherwise.  The  then  common  phrase 
"low  temperatu'e"  or  "LT"  GaAs  was  adopted  reluctantly.  In  doing  so,  it  was  realized  that  this 
phrase  is  misleading  and  inaccurate.  More  appropriate  are  two  other  phrases  used  in  these 
proceedings:  GaAs  witi,  arsenic  precipitates  or  GaAs:As  and  low  temperature  grown  or  LTG 
GaAs.  This  issue  of  terminology  remains  to  be  resolved. 

More  basic  issues  than  terminology  continue  as  challenges.  The  most  im  lortant  of  these 
is  the  understanding  of  the  roles  played  by  deep  level  defects  (found  in  unprecedented 
concentrations  in  as-grown  material)  and  arsenic  precipitates  (noted  primarily  in  annealed 
samples).  This  issue  sparked  lively  discussions  in  the  symposium.  The  presentation  in  these 
proceedings  of  the  two  main  points  of  view  on  this  matter  is  handicapped  by  the  absence  of  two 
key  papers  read  at  the  meeting.  However,  the  papers  in  Parts  1  and  II  provide  a  good 
background  and  list  the  key  references. 

The  potential  for  electronic  and  optoelectronic  applications  of  LTG  GaAs  is  made 
apparent  b>  the  papers  in  Part  III.  An  excellent  introduction  is  provided  by  the  Overview  paper 
by  Frank  Smith,  one  of  the  originators  of  this  subject.  It  is  interesting  that  at  least  one  company 
has  incorporated  LTG  GaAs  buffer  layers  in  commercial  products  at  this  ea.  ly  stage  of 
understanding. 

The  last  set  of  papers,  in  Part  IV,  introduce  an  extension  of  low  temperature  growth  to 
ternary  compounds,  such  as  InGaAs  and  AIGaAs,  and  to  the  InP-based  family.  Tlie  ternaries 
studied  share,  with  exceptions,  many  of  the  properties  of  LTG  GaAs.  Four  groups  report  on 
the  first  efforts  to  use  LTG  techniques  to  produce  highly  resistive  InP  layers. 


G.L.  Witt 
A.R.  Calawa 
U.K.  Mishra 
E.R.  Weber 
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DEVICE  APPLICATIONS  OF  LOW-TEMPERATURE-OROWN  OaAs 
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ABSTRACT 

Low-tempcrature-grown  (LTG)  Ga.As  is  a  unique  material  that  has  been  used  in  a  variety 
of  device  applications  to  achieve  record  perfomiance.  LTG  GaAs  used  as  a  buffer  layer 
eliminates  sidegating  and  backgating  and  in  GaAs  integrated  circuits.  Record  output  power 
density  (1,57  W/mm)  and  superior  microwfave-switch  performance  were  demonstrated  when 
LTG  GaAs  was  tised  at  a  gate  instilator  in  a  metal-insulator-semiconductor  field-effect 
transistor.  High-speed  (0.5  ps)  and  high-voltage  (1  kV)  LTG  GaAs  photoconductive  switches 
have  also  been  demonstrated.  Using  the  same  material,  researchers  have  demonstrated  high- 
responsivity  (0.1  AAV),  wide-bandwidth  (-  375  GHz)  LTG  GaAs  photodetectors. 

Devices  incorporating  LTG  GaAs  are  currently  being  optimized  for  systems  applications. 
LTG  GaAs  technology  can  enhance  system  performance  and  enable  new  systetiis  for  military 
and  comtiiercial  applications  in  the  areas  of  radar,  communications,  instrumentation,  and  high¬ 
speed  cotnpiiting. 

INTRODUCTION 

Low-temperature-grown  (LTG)  GaAs  was  discovered  at  Lincoln  Laboratory  by  A.  R. 
Calawa  in  the  mid  19S0's  and  has  been  applied  to  electronic  and  photoconductive  devices  and 
circuits  since  that  time.  LTG  GaAs  is  deposited  by  molecular  beam  epitaxy  (MBE)  at  relatively 
low  substrate  temperature  (~  20()°C),  Some  of  the  unique  features  of  LTG  GaAs  are  contrasted 
w'ith  conventional  GaAs  grown  by  MBE  in  Table  1.  Most  importantly  for  device  applications, 
the  large  excess  As  concentration  in  LTG  GaAs  results  in  a  large  trap  density,  that  in  turn  results 
in  ;i  high  resistivity,  a  Itirge  breakdown  Held,  and  an  extremely  short  photoexcited  carrier 
lifetime. 

Record  device  and  circuit  performance  achieved  using  LTG  111-V  semiconductors  has 
made  it  clear  that  this  new  materials  .system  has  a  number  of  unique  and  desirable  properties. 
LTG  Ill-V  materials  that  h,ave  been  demonstrated  include  LTG  GaAs,  AlGaAs.  InAIAs, 

InGtiAs,  and  InP.  Of  these  materials,  the  one  most  extensively  characterized  and  utilized  in 


Tiible  1  Comparison  of  the  properties  of  LTG  GaAs  with  undoped  GaAs  crown  bv 
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device  :ind  circuit  applications  is  LTG  GaAs.  For  this  reason,  this  paper  will  exclusively 
addre-  ,  LTG  GaAs,  although  other  papers  in  this  volume  will  address  the  properties  and 
applications  of  other  LTG  Ill-V  materials. 

LTG  GaAs  has  been  exploited  in  electronic  devices,  photoconductive  devices,  and 
inteeraied  circuits  (ICs).  LTG  GaAs  used  as  a  buffer  layer  has  eliminated  sidegating  and 
backgating  in  GaAs  ICs  and  has  been  shown  to  reduce  shon-channel  effects  in  GaAs  field  effect 
transistors  (FETs)  1 1 1-[4|.  When  used  as  a  gate-insulating  layer,  LTG-GaAs-based  metal- 
insulator-semiconductor  field-effect-transistors  (MISFETs)  have  achieved  record  output  power 
density  l-^l-16|.  Record  bandwidth  and  responsivity  have  been  reported  from  an  LTG-GaAs 
photodetector  |7|. 

In  this  paper,  a  brief  summary  of  the  properties  of  LTG  GaAs  will  be  given,  followed  by 
a  more  detailed  discussion  of  the  device  applications.  Lastly,  some  of  the  potential  systems 
applications  of  LTG-GaAs-based  components  will  be  presented. 

PROPERTIE.S  OF  LTG  GaAs 

Other  than  the  growth  temperature,  the  ,\1BE  growth  parameters  for  LTG  GaAs  are  those 
typically  tised  for  conducting  GaAs  layers.  The  growth  rate  is  -  1  pm/h  on  ( 100)-oriented 
GaAs  stibstrates.  As  the  growth  temperature  for  GaAs  in  MBE  is  reduced  from  the  standard 
500-6(K)°C  rtinge  (with  post-growth  annealing  temperature  maintained  at  6(X)°C).  the  resistivity 
of  the  annealed  LTG  GaAs  increases,  though  the  layer  remains  crv'stalline  for  growth 
temperatures  as  low  as  l.iO^C.  LTG  GaAs  appears  to  be  stable  at  elevated  temperatures,  and 
high-qutility  conducting  GaAs  can  be  grown  on  it  at  normal  growth  temperatures.  After 
annealing,  the  material  has  high  resistivity  (>  10*  cm),  short  photoexcited  carrier  lifetime 
(~  150  fs),  relatively  large  photoexcited  carrier  mobility  (-  200  cm-/V  s),  and  large  breakdown 
field  (-  5x105  v/cm). 

LTG  GaAs  has  been  extensively  characterized.  A  tentative  semiquantitative  model  of 
atiuealcd  LTG  GaAs  has  been  fonmilated  using  the.se  re.sults  and  is  show'ii  in  Fig.  1  |8|.  As- 
grown  LTG  GaAs  displays  a  dilated  lattice  con.stant,  has  approximately  1  at.  %  excess  arsenic, 
and  contains  -10-*'  cm  -’  Asca-reUtted  defects  of  which  -5x10"*  cm  ’  are  ionized.  An  i.solated 
'r’ca  or  Vca  complex  is  hypothesized  to  be  the  compensating  acceptor.  LTG  GaAs  layers  are 
crystalline  only  up  to  a  certain  temperature-dependent  thickriess,  after  which  the  layer  becomes 
polycrystalline  [8|.  At  200°C,  the  growth  temperature  w’e  typically  use.  crystallinity  is 
maintained  for  thicknesses  up  to  -  3  pm. 


(a) 


E. - - 

e, - 

POSITION 


(b) 


Figure  1  Preliminary  model  for  200°C  LTG  GaAs  annealed  at  bOO^C  for  10  min. 

(a)  Density  of  states  and  (b)  band  diagram.  The  techniques  used  to  identify  the 
defects  in  (a)  are  shown  in  parentheses.  Rl,  R2,  and  R3  in  (b)  refer  to  the  three 
conduction  mechanisms  that  occur  in  LTG  GaAs,  nearest-neighbor  hopping, 
variable-range  hopping,  and  free-electron  conduction,  respectively. 


5 


The  deep-level  density  and  disorder  in  LTG  GaAs  are  observed  to  decrease  monotonically 
with  post-growth  annealing  temperature.  However,  the  -  1  at.  %  ar.senic  excess  in  the  crystal 
is  unchanged  by  an  in  situ  anneal  with  an  As  overpressure.  The  Vca  and  Asca'^-related  defects 
are  reduced  below  detectable  levels  by  the  anneal,  although  Asca-related  defects  remain,  and  As 
microprecipitates  are  formed  18).  We  attribute  the  large  breakdown  fields  to  an  extremely  large 
trap-filled  limit  voltage,  arising  from  the  large  deep-level  density  in  the  material.  As  is  the  case 
for  the  as-grown  material,  the  annealed  LTG  GaAs  shows  quenched  photoluminescence,  strong 
deep-level  infrared  absorption,  and  hopping  conductivity  at  low  temperature. 

An  alternative  model  to  explain  the  electrical  and  optical  propenies  of  LTG  GaAs  has  been 
proposed  by  researchers  at  IBM  and  Purdue  University  and  is  based  on  the  presence  of  As 
precipitates  in  the  annealed  material  (9).  This  model  is  discussed  in  detail  in  the  paper  by 
Warren  and  Woodall  in  this  volume.  Whether  the  deep-level  model  or  the  As-precipitate  model 
is  the  correct  one  for  annealed  LTG  GaAs  is  still  an  open  question. 

LTG  GaAs  BUFFER 

A  number  of  problems  associated  with  GaAs-based  metal-semicondtictor  field-effect 
transistor  (MESFET)  and  high-electron-mobility  transistor  (HEMT)  devices  and  circuits  are 
attributed  to  the  semi-insulating  GaAs  subsffate.  Such  problems  include  sidegating  {or 
btickgating),  hysteresis  in  the  dependence  of  the  drain-source  cuaent  Ips  npon  drain-sotirce 
voltage  Vds,  light  sensitivity,  low  output  resistance  R„.  low  source-drain  breakdown  voltage 
BVsp,  and  low  output  power  gain  at  RF  frequencies  |101-n21.  In  addition,  increased 
subihreshold  leakage  current,  shifts  in  threshold  voltage,  and  inability  to  ftilly  pinch  off  the 
device  for  large  Vps  can  occur  as  the  gatelength  of  GaAs-based  MESFETs  and  HEMTs  is 
reduced  to  submicrometer  dimensions  1 131-(151. 

To  alleviate  these  effects,  a  buffer  layer  is  often  insened  between  the  active  layer  and  the 
substrate,  A  number  of  buffer  Layers  are  currently  in  use  by  GaAs  IC  manufacturers,  including 
undoped  GaAs,  AlGaAs,  and  superlattice  (AIGaAs/GaAs)  buffers.  However,  these  buffer 
layers  have  resulted  in  only  limited  success  in  mitigating  the  problems  outlined  above.  In 
contrast,  the  LTG  GaAs  buffer  layer  has  been  shown  to  eliminate  sidegating  in  MESFETs  ( 1 1 
and  HEMTs  [16]  and  to  dramatically  reduce  short-channel  effects  in  submicrometer-gateleneth 
MESFETs  [2]. 


Sidegating  is  the  reduction  in  Ips  of  a  MESFET  or  HEMT  as  a  result  of  a  voltage  applied 
to  an  adjacent  and  nominally  isolated  device.  For  IC  applications,  the  restrictions  on  device  and 
circuit  layout  currently  imposed  by  the  sidegating  effect  can  be  eliminated  by  using  the  LTG 
GaAs  buffer.  In  our  first  publications  in  this  area  1 1|,  |2),  we  showed  that  an  LTG  GaAs 
buffer  eliminates  dc  sidegating  effects  in  GaAs  MESFETs,  Selected  results  of  our  experiments 
are  shown  in  Fig,  2,  We  compared  MESFETs  fabricated  upon  the  LTG  GaAs  buffer, 
MESFETs  fabricated  upon  other  buffer  layers,  and  MESFETs  formed  by  direct  implantation 
into  a  semi-insulating  substrate.  We  found  that  only  the  LTG  GaAs  buffer  eliminates  dc 
sidegating  under  both  dark  and  white-light  conditions  throughout  the  MILSPEC  temperature 
range.  We  al.so  found  that  the  LTG  GaAs  buffer  significantly  increased  Ro  and  BVjd  for  these 
2-|im-gatelength  MESFETs,  as  compared  with  the  other  buffer  layers.  As  shown  in  Fig.  2, 
superlattice  buffers  are  superior  to  undoped  buffers,  but  they  do  not  eliminate  sidegating  in 
MESFET  and  HEMT  ICs,  even  for  relatively  low  voltages  (10  V)  across  relatively  large 
spacings  (50  pm). 

The  LTCJ  GaAs  buffer  has  also  been  shown  to  markedly  reduce  the  coupling  of  pulse 
trains  and  RF  signals  between  devices,  which  is  an  important  consideration  for  both  analog  and 
digital  ICs  [4].  Thus,  the  LTG  GaAs  buffer  should  provide  much  better  isolation  between 
digital  control  signals  and  the  active  devices  in  monolithic  microwave  ICs  (MMICs). 

Hewlett  Packard  has  applied  the  LTG  GaAs  buffer  to  their  HEMT  and  MESFET  MMICs 
and  hiive  found  that  sidegating  effects  and  light  sensitivity  are  eliminated.  They  showed  that  no 
sidegating  in  HEMT  MMICs  was  observed  even  for  70  V  applied  across  a  3-pm  spacing  1 161. 
In  fact,  they  found  that  dielectric  breakdown  occurs  in  their  stnictures  before  sidegating  is 
observed.  Hewlett  Packard  has  performed  extensive  reliability  tests  on  LTG  GaAs  and  has 
found  that  the  material  meets  their  stability  criteria  for  use  in  products  [171. 
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Figure  2  Sidegating  chtu-acteristics:  LTG  GaAs  buffer,  undoped  GaAs  buffer,  and  undoped 
superlattice  buffer.  The  points  connected  by  the  solid  lines  are  the  results  obtained 
in  the  dark  and  the  points  connected  by  the  dashed  lines  in  the  light.  The  lines 
themselves  are  included  only  as  a  convenience  in  visualizing  the  data. 


Devices  Fabricated  on  LTG  GaAs  Buffers 

The  LTG  GaAs  buffer  has  been  shown  to  substantially  reduce  short-channel  effects  in  a 
0.27-vim-gatelength  MESFET  12].  The  Ids-Vds  characteristics  are  shown  in  Fig.  ?  for  two 
types  of  MESFETs,  one  having  a  LTG  GaAs  buffer  and  one  having  a  standard  undoped  GaAs 
buffer.  The  MESFET  fabricated  on  the  undoped  buffer  layer  shows  a  low  Rq  near  pinch-off 
and  poor  pinch-off  for  large  Vos-  In  cor.trast,  the  MESFET  with  the  LTG  GaAs  buffer  has  a 
large  Ro  near  pinch-off  and  pinches  off  well,  even  for  Vos  in  excess  of  10  V.  Selected  dc 
results  for  these  MESFETs  are  summarized  in  Table  2.  Although  the  peak  transconductance  gm 
is  slightly  lower  for  the  MESFET  with  the  LTG  GaAs  buffer,  Ro  is  50  times  larger  near  pinch- 
off,  and  BVsd  (as  measured  with  the  device  biased  to  pinch-off)  is  two  times  larger.  The  values 
of  the  maximum  frequency  of  oscillation  f^ax  and  unity  current-gain  frequency  fp  calculated 
from  the  measured  scattering  parameters  are  shown  in  Table  3.  These  results  were  measured 
for  Vos  =  2  V  and  did  not  change  appreciably  for  Vps  up  to  6  V. 

Hughes  has  demonstrated  0.2-pm-gatelength  MESFETs  fabricated  on  the  LTG  GaAs 
buffer  that  have  gm  values  of  6(X)  mS/mm  and  an  extrapolated  fp  of  80  GHz  [  1 8|.  Frequency 
dividers  designed  using  source-coupled  FET  logic  were  fabricated  with  these  transistors  and 
exhibited  a  clock  rate  of  22  GHz  [18].  This  result  is  among  the  best  ever  reported  for  a 
frequency  divider  based  on  GaAs  MESFETs.  The  device  and  circuit  results  obtained  using  the 
LTG  GaAs  buffer  clearly  indicate  that  high-quality  devices  can  be  fabricated  on  LTG  GaAs 
buffers. 

LTG  GaAs  MISFET 

The  LTG  GaAs  MISFET  holds  sub.siantial  promise  for  MMICs  such  as  power  amplifiers, 
switches,  phase  shifters,  and  attenuators.  A  LTG  GaAs  MISFET  with  a  gate  length  of  1.5  pm 
delivered  an  output  power  density  of  1.57  W/mm  with  4.4  dB  gain  and  a  power-added 
efficiency  of  27.3%  at  I.l  GHzl51,f6).  This  is  the  highest  power  density  from  a  GaAs-based 
FET  ever  reported.  The  LTG  GaAs  MISFET  has  also  demonstrated  switch  performance  at 
1.3  GHz  that  is  comp.arable  to  that  of  the  best  commercially  available  FET  switches  that  we 
have  tested. 

The  epitaxial  layer  structure  of  the  MISFET  is  shown  in  Fig.  4.  The  devices  used  in  this 
study  were  simple  microwave  FETs  with  a  gate  length  of  1.5  pm,  gate  width  of  600  pm,  and 
source-drain  spacing  of  6  pm.  In  this  device,  the  gate  metal  was  Ti/Au  and  was  deposited 
directly  on  the  upper  LTG  GaAs  surface  without  a  gate-recess  etch.  The  upper  LTG  GaAs  layer 
not  only  forais  the  gate  insulator  but  also  passivates  the  surface  of  the  device 


(b) 


f-'i^ure  3  0.27-)im-gatelcMgth  MESFET  Ids-Vds  characteristic:  (a)  iirnlopcd  GaAs  buffer, 
and  (b)  LTG  GaAs  buffer. 


Tabic  2  Sumniars'  of  dc  results;  ().27-niii-gatelength  MESFET. 
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Tiible  3  Summary  of  RF  results:  0.27-nm-galelength  MESFET. 
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Figure  4  Sehem.iiic  cross  section  of  the  epittixiul  layer  stmctaie  of  the  l.TG  GtiAs  MISFET, 


The  gate  forward  turn-on  and  reverse-breakdown  voltages  for  the  MISFET  are  -  9  and 
42  V,  respectively,  as  shown  in  Figs.  5(a)  and  5(b).  Values  of  these  voltages  for  our  GaAs 
MESFETs  without  the  LTG  GaAs  gate  insulator  are  approximately  0.6  and  15  V, 
respectively.The  substantial  improvement  is  attributed  to  the  LTG  GaAs  gate  insulator  and 
passivation.  BVsd  at  pinch-off  for  the  LTG  GaAs  MISFET  is  4?  V,  as  shown  in  Fig.  5(c). 

This  contrasts  with  a  value  of  -  lOV  for  our  conventional  GaAs  MESFET.  This  improvement 
is  attributed  to  the  LTG  GaAs  buffer  and  gate-insulator  layers. 

The  drain-source  current  density  of  the  LTG  GaAs  MISFET  reaches  750  mA/mm  at  \'os  ~ 
4  V  and  gate-source  bias  Vcs  =  2  V.  This  density  is  approximately  a  factor  of  two  larger  than 
that  typically  u.sed  in  GaAs  power  MESFETs.  The  high  drain  current  coupled  with  the  large 
breakdown  voltages  lead  to  the  high  output  power  density.  The  fj  and  f^a*.  of  the  MISFET  at 
Vcs  =  -2  V  and  V^s  =  4  V  are  8.5  and  14  GHz,  respectively.  These  values  are  similar  to  those 
of  our  conventional  GaAs  MESFETs  fabricated  with  the  same  mask  set. 

The  MIS  structure  results  in  a  gate  capacitance  Co  that  is  lower  and  more  linear  with  bias 
than  for  a  MESFET  of  similar  geometry  and  doping  density.  The  combination  of  low  Cq,  low 
channel  resistance,  and  high  breakdown  voltages  that  can  be  achieved  with  the  LTG  GaAs 
MISFET  make  it  a  strong  candidate  for  microwave  switching  applications.  A  switch  using  the 
LTG  GaAs  MISFET  operating  at  1.3  GHz  had  an  on  resistance  of  3.4  W  at  Vqs  =  1  V  and  a 
drain-source  capacitance  of  i).4  pF  at  pinch-off.  A  figure  of  merit  for  a  switch,  defined  as  the 
product  of  the  on  resistance  and  the  off  capacitance  is  already  better  for  the  MISFET  than  that 
obtained  with  the  best  commercial  MESFETs  that  we  have  tested.  Furthermore,  because  of  the 
low  gate-leakage  current  and  the  high  breakdown  voltages,  the  LTG  GaAs  MISFET  can  handle 
higher  power  than  typical  GaAs  MESFET-based  switches.  By  reducing  the  on  resistance  and 
the  off  capacitance  we  should  be  able  to  achieve  funher  improvements  in  switch  performance. 


l.TG  GaAs  PHOTOrONDUGTlVE  SWITCH  AND  DETECTOR 

LTG  GaAs  is  observed  to  have  a  significantly  lower  photoexcited  carrier  lifetime  than 
GaAs  grown  at  normal  substrate  temperatures.  Using  femtosecond  time-resolved-reflectance 
techniques,  we  have  measured  a  subpicosecond  (~  150  fs)  carrier  lifetime  for  LTG  GaAs 
grown  at  ~  195°C  and  annealed  at  600'’C  (I9|.  As  shown  in  Fig.  6,  electrical  pulses  having  full 
widths  at  half-maximum  (FWHM)  less  than  0.5  ps  have  been  generated  by  using  LTG  GaAs 
photoconductive  switches  having  a  20-pm  gap  between  conductors  [19].  Good  responsivity 
for  a  photoconductive  switch  is  also  observed,  corresponding  to  a  mobility  of  the  photoexcited 
carriers  of  -  200  cm^/V  s.  The  combination  of  fast  recombination  lifetime,  high  carrier 
mobility,  and  high  resistivity  makes  LTG  GaAs  ideal  for  a  number  of  subpicosecond 
photoconductive  switch  applications. 


Figure  5  The  (a)  forward  and  (b)  reverse  gate  characteristics  of  the  LTG  GaAs  MISFET. 
(c)  The  Ids-Vds  characteristics  of  the  LTG  GaAs  MISFET  for  Vcs  =  -  8  V 
(pinch-off). 


Figure  6  also  shows  recent  work  in  which  researchers  at  the  University  of  Michigan  have 
demonstrated  the  generation  of  ~  1  kV  electrical  pulses  having  FWHM  values  of  less  than  3  ps 
using  an  LTG  GaAs  photoconductive  switch  having  a  60-nm  gap  |20|.  This  is  the  largest 
voltage  ever  switched  at  picosecond  speeds.  Applications  for  such  pulses  include  millimeter- 
wave  radar,  switched  power  supplies,  and  ultrafast  instrumentation. 

Researchers  at  the  University  of  Michigan  have  also  developed  a  new  metal- 
semiconductor-metal  photoconductive  detector  based  on  l.TG  GaAs  with  a  response  time  of  1.2 
ps  and  a  responsivity  of  0.1  A/W.  To  our  knowledge,  this  is  the  fastest  high-sensitivity 
photoconductive  detector  of  any  kind  reported  to  date.  This  detector  was  fabricated  using 
interdigitated  electrodes  spaced  0,2  pm  apart  [7).  In  addition,  the  device  can  be  driven  to  an 
on-state  resistance  of  30  with  little  degradation  in  speed.  This  versatility  permits  the  device  to 
function  both  as  a  detector  and  a  switch.  Such  unique  dual  functionality  together  with  an  ease 
of  integration  with  GaAs  ICs  will  permit  a  number  of  detector  elements  to  be  combined  on  an  IC 
for  acquiring  and  processing  high-speed  optical  and  electrical  events. 

LTG  GaAs  SYSTEMS  APPLICATIONS 

As  a  result  of  the  successes  that  have  been  obtained  by  researchers  using  LTG  GaAs  and 
other  LTG  III-V  materials  in  electronic  and  photoconductive  applications,  a  number  of  systems 
applications  for  these  materials  are  possible.  Figure  7  schematically  summarizes  a  few  of  the 
device  applications  and  systems  applications  of  LTG  IH-V  materials. 

MISFETs,  MESFETs,  and  HEMTs  fabricated  using  LTG  GaAs  can  be  used  as 
microwave  power  amplifiers  and  control  circuits.  The  pulses  generated  using  the  LTG  GaAs 
photoconductive  switch  can  be  radiated  into  free  space  and  used  as  high-power,  wide- 
bandwidth  sources  for  the  millimeter  and  submillimeter  wavelength  ranges.  Alternatively,  LTG 
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Figure  6  Summary  of  the  LTG  GaAs  photoconductive  switch:  (a)  perspective  view  of  the 
photoconductive-gap  switch,  (b)  subpicosecond  electrical  pulse  for  a  20-|am  gap 
and  a  10-V  bias,  and  (c)  high  voltage  electrical  pulse  for  a  60-pm  gap  and  a  7(X)-V 
bias. 


Figure  7  Illustration  of  the  device  and  potential  .systems  applications  of  LTG  III-V 
materials. 
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GaAs  photocondiiclive  detectors  can  be  used  as  ultrafast,  wide-bandwidth,  optoelccU'onic 
detectors  for  a  v;u-iety  of  applications.  Clearly  the  LTG  GaAs  buffer  will  continue  to  be  used  to 
achieve  higher  den.sity  ICs  for  microwave,  optoelectronic,  digital,  and  analog  applications. 

Possible  systems  applications  of  these  devices  include  communications  (e.g.,  satellites 
and  fiber-optic-based  systems),  radar,  smart  munitions,  and  signal  processing  applications. 

The  ability  to  monolithically  integrate  high-performance  electronic  and  optoelectronic  devices  on 
the  same  substrate  using  the  same  LTG  Ill-V  material  is  a  significant  advantage  for  systems 
applications  in  which  size,  cost,  reliability,  and  perfomiance  are  factors. 

C0NCLU.S10NS 

The  device  applications  of  LTG  GaAs  have  been  reviewed.  As  a  buffer  layer  in  FETs, 
LTG  GaAs  has  been  shown  to  eliminate  sidegating  in  GaAs  ICs  and  has  been  shown  to  reduce 
shon-channel  effects  in  submicrometer-gatelength  .MESFETs.  As  a  gate-insulating  and  surface- 
passivation  layer  in  a  MISFET  configuration,  LTG  GaAs  has  led  to  record  large  breakdown 
voltages  and  high  current  density,  which  have  resulted  in  record  output  power  density 
( 1 .57  W/mm)  from  a  GaAs-ba.sed  FET.  In  photoconductive  applications,  LTG  GaAs  sw itches 
have  achieved  record  switching  speeds  (0.5  ps)  and  peak  voltages  (1  k V)  in  picosecond 
electrical  pulses,  and  LTG  GaAs  detectors  have  demonstrated  high  responsivity  (0. 1  AAV)  with 
extremely  wide  bandw'idth  (.175  GHz). 

Since  the  first  publications  on  LTG  GaAs  1 1 1,|2|.  the  properties  and  devices  applications 
of  LTG  III-V  materials  have  been  the  subject  of  increasingly  active  research.  Including  the 
papers  included  in  this  dige.st,  there  have  been  over  1.10  publications  on  LTG  Ill-V  technology 
in  archival  journals  ,and  texts  in  the  last  three  years.  Because  of  the  novel  properties  of  the 
materials,  the  profound  performance  advantages  of  devices  based  on  these  materials,  and  the 
manifold  systems  applications,  LTG  III-V  materials  should  continue  to  be  a  fertile  and  grow  ing 
area  of  research  in  the  future. 
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ABSTRACT 

Since  its  initial  report  by  the  IBM/Purduc  University  group  in  1990.  GaAs 
with  As  prccipiintcs  (GaAs:As)  has  been  shown  by  this  group  to  exhibit  unusual 
an<l  useful  electrical  and  optical  properties.  In  this  paper  we  rexiew  our  progress 
in  understanding  the  fundamental  properties  of  this  material.  We  have  shoxvn 
that  both  the  electrical  and  optical  properties  of  GaAsrAs  arc  explained  by  as¬ 
suming  that  the  GaAs  is  of  good  crystalline  quality  and  that  the  As  precipitates 
act  as  buried  Schottky  barriers.  This  model  accounts  for  its  semi-insulating  sta¬ 
bility  against  both  n-  and  p-type  doping,  its  high-speed  photoconiluctixc  behax- 
ior.  and  its  ability  to  detect  1,3  micron  light  when  it  forms  the  I  layer  of  .a  PIN 
photodiode  via  the  internal  photocmission  process.  Using  modtd.nion 
spectroscopy  xxc  clarify  the  fundamental  differences  bctxvccn  Gn,As:As  anti 
unannealed  GaAs  grown  at  200  C.  We  also  sho"'  that  GaAs:As  uscti  as  a  1.3 
micron  ticicetor  in  the  mctal-scmiconductor-mctal  device  structure  foiniat.  h.is  a 
photocontiuctive  bandxvidth  in  excess  of  .“xO  GHz. 


INI  RGDUCTIDN 

GaAs  groxvn  at  200-2.30°  C  anti  subsequently  annealed  at  600"  C  has  proxen 
xaluable  in  both  electronic  and  optoelectronic  applications,  hut  the  source  of  its 
extremely  high  resistivity  has  been  the  subject  of  some  tiebatc.'  ‘'A  xaiiciy  of 
characterization  techniques  xverc  applied  to  both  the  as-grown  anti  .innealctl  lay¬ 
ers,  with  several  interesting  results.  As-grown  material  (I.T-GaAs)  xvas  founti  to 
be  highly  strained,  containing  roughly  1-2%  excess  As  and  as  high  as  10^"  cm’ 
As-anlisite  defects  (by  electron  paramagnetic  resonance  (EPR)),'’’  xviih  essen¬ 
tially  no  photoluminescencc  response.^  The  balance  of  the  excess  As  is  most 
likely  distributed  as  interstitials,  contributing  to  the  strain.  While  the  excess  As 
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remained  after  anneal,  the  strain  and  point  defects  were  eliminated  (to  resolution 
limits),^'  and  a  fast  photoluminescence  response  could  now  be  observed.^ 

The  change  in  material  properties  upon  annealing  was  not  understood  until 
it  was  found  that  a  substantial  fraction  of  the  excess  As  in  the  material  actually 
precipitated  out  into  macroscopic  As  clusters.'’'*'^  A  600°  C  anneal  was  found  to 
result  in  irregular  precipitates  with  roughly  6  nm  diameter  ami  a  volume  density 
of  lO'^/cm’,  which,  within  experimental  error,  accounts  for  all  the  excess  As/’-'* 
This  corroborated  the  observations  by  EPR  that  defect  densities  were  reduced 
from  above  10'“*  to  below  the  resolution  limit  of  about  IO'*/cm  '.  In  addition,  the 
photoresponsc  is  consistent  with  the  starting,  heavily-defected  LT-GaAs  being 
converted  into  a  high-quality,  optically  active  GaAs  matrix  with  embedded  As 
precipitates  (GaAs:As)  which  act  as  sparse  recombination  centers  for  photo- 
generated  carriers.  This  was  used  to  advantage  in  the  fabrication  of  Terahertz- 
speed  transceivers  using  GaAsrAs  as  the  photo-active  matcritd,  which 
demonstrated  turn-on  speeds  indistinguishable  from  that  of  bulk  GaAs.if 

With  the  observation  of  As  precipitates  in  annealed  Ll-GaAs.  Warren,  ct 
al.  proposed  a  simple  model  for  its  electronic  propcrtiesi  which  assumed  that  the 
observed  As  precipitates  were  metallic,  and  that  the  .Schottky  barrier  height  of 
As  to  GaAs  held.  In  this  model.  As  precipitates  would  be  surrounded  by  ilc- 
plction  spheres  in  heavily  doperl  material  or  completely  rleplete  more  lightly- 
doperl  GaAs,  regardless  of  doping  type.  The  principal  alternative  model  is 
defect-mediated  pinning  by  a  deep  donor  as  observcil  in  un-annealcd 
LT-GaAs.2“‘‘  In  the  following  sections  we  review  the  electronic  properties  of 
GaAs:As  in  light  of  these  two  models,  and  present  further  measurements  of  the 
dependence  of  sample  resistivity  on  precipitate  distribution,  and  of  band  bending 
and  Fermi  level  pinning  position  in  heterostructurcs  containing  un-doped 
GaAstAs.  These  data  arc  shown  to  fit  the  simple  Schottky  model  and  arc  in¬ 
consistent  with  a  defect-mediated  Fermi  level  in  this  system. 


THE  COMPENSATION  OF  N  AND  P-  DOPANTS  BY  As  PRECIPITATES 

The  first  prediction  that  falls  out  of  the  precipitate  Schottky  model  is  that 
there  should  be  a  clear  relationship  between  doping,  precipitate  densities,  and 
conriuctivity.  When  the  rioping  density  is  high  enough  or  the  precipitate  ilcnsity 
low  enough,  individual  precipitates  will  be  surrounded  by  isolated  depiction 
spheres  which  leave  the  material  only  partly  compensated  and  therefore  con¬ 
ducting.  In  the  converse,  the  depletion  regions  overlap  so  that  there  arc  no  free 
carriers  and  the  material  is  semi-insulating.  It  has  been  observed  that  rapid 
thermal  annealing  (RTA)  of  a  doped  but  previously  non-conducting  sample  could 
be  made  conductive,  or  "activated"."  Within  our  model,  this  could  be  cxphiincd 
if  the  excess  As  were  being  redistributed  through  precipitate  "coarsening"  which 
is  driven  by  the  tendency  of  the  system  to  reduce  its  prccipitatc/matrix  intcrfacial 
area. '2  To  study  this,  n-  and  p-type  wafers  of  .several  doping  densities  were 
grown  using  our  standard  LT-GaAs  plus  600”  C  cap  technique.  Samples  were 
then  exposed  to  various  RTA  cycles  and  examined  using  cross-section  trans- 


17 


600 

700 

800 

900 

Diameter  (nm) 

5.5 

7 

15 

20 

Spacing  (nm) 

18 

22.5 

47.5 

67.5 

Np  (xio'^cm  ^) 

170 

87 

9.3 

3.2 

Volume  fraction 

0.015 

0.016 

0.016 

0.014 

niEig  (xio'^cm"^) 

- 

0.003 

4 

5 

t^iEis  (ctnVv-s) 

- 

420 

1520 

1950 

^5Ei8  (*10'"cm‘") 

- 

1.2 

7.5 

11 

/^SEtB  (cmVv-s) 

- 

680 

1180 

1320 

Tabic  1.  TEM  an<j  Hall  data  for  as-grown  and  annealed  (600“  C),  and 
RTA'd  samples  (700,  800  and  900“  C).  Top  group  is  mean  prccipiiatc  size 
and  distribution  data,  while  lower  two  groups  arc  electron  density  and  mo¬ 
bility  for  bulk  doping  levels  of  I  and  5  x  10'*  /cm^. 


mission  electron  microscopy  (TEM)  and  Hall  conductivity  measurement  of  car¬ 
rier  densities  and  mobilities.  Table  I  shows  results  from  such  measurements 
using  n-type  samples  with  nominal  doping  levels  of  I  x  10'*  and  5  x  10'*  cm  '  and 
exposed  to  a  30  second  RTA  cycle  at  700,  800  or  900“  C.  Statistical  means  for 
precipitate  diameter  and  volume  density  were  extracted  from  the  TEM  measure¬ 
ments  and  confirm  that  the  RTA  is  indeed  causing  a  coarsening  of  the  As  dis¬ 
tribution  in  favor  of  sparse,  large  precipitates. 

The  RTA  "activation  '  of  these  doped  samples  is  completely  consistent  with 
the  observed  precipitate  coarsening,  resulting  in  isolated  ileplction  spheres 
which  arc  dccrcasingly  effective  in  compensating  the  doped  GaAs.  A  simple  cal¬ 
culation  of  Laplace's  equation  for  an  isolated  precipitate  can  be  used  to  estimate 
the  amount  of  charge  on  it  and  therefore  the  amount  of  doping  a  prccipiiatc 
could  compensate.  For  example,  a  barrier  height  of  0.7  cV  would  result  in  about 
18  excess  electrons  charge  (on  a  6  nm  precipitate),  so  that  IO'''/cm'  precipitates 
could  compensate  up  to  2.3  x  10'*/cm'  doping.  Assuming  uniform  doping,  this 
model  gives  a  prccipitatc-size/conduction  threshold  of  .S  nm  for  .S  x  10'*/cm'  ma¬ 
terial,  and  12  nm  for  1  x  10'*,  in  agreement  with  the  measured  data  in  Table  I. 
The  heavily  doped  samples  do  not  fully  activate,  as  could  be  espected  if  the 
doping  concentration  in  the  GaAs  were  corcllatcd  with  the  As  precipitate  lo¬ 
cation.  This  is  consistent  with  measurements  of  impurity  redistribution  in  heavily 
Si-doped,  Arsenic-rich  LT-grown  GaAs  during  high  temperature  anneals." 
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modulation  spectroscopy  of  LT-GaAs  AND  GaAsiAs 

In  order  to  probe  the  electric  fields  in  and  adjacent  to  LT-gro\vn  layers, 
special  hcterostnicturc  stacks  were  grown  for  clectromodiilation  (EM)  measure¬ 
ments.  Here,  n  *■  (N)  and  p+  (P)  buffer  layers  Rlopcd  at  .‘ixlO"*  cm’)  were  groo  n 
on  like  substrates,  followed  by  a  50  nm  undoped  (U)  GaAs  i-laver  at  500°  C. 
At  this  point  the  temperature  was  dropped  to  250”  C  anri  1 50  nm  of  Lf-GaAs 
was  deposited  for  samples  referred  to  as  LTUN  and  LTUP,  rcspeclivciy.  In 
other  samples,  this  recipe  was  followed  by  in  in  situ  ramp  back  up  to  600"  C. 
folUnved  by  a  20  nm  cap  of  un-doped  GaAs  and  I  hour  anneal  at  600"  C  in  an 
Asj  flux.  These  samples  arc  '■eferred  to  as  ALTUN  and  Al.  rUP  layers.  Electric 
fields  in  these  samples  wcic  then  measured  from  the  Franz-Keldysh  oscillations 
(FKOs)  observed  using  both  photoreflectancc  (PR)'"*  and  contactless 
elcctrorcflectancc  (CER).'-'’  These  tw'o  techniques  gave  identical  fields;  in  tiddi- 
tion,  CER  gave  the  field  sign  from  the  phase  of  the  reflected  signal.  In  the  I.  I  I JN 
structure,  the  measured  field  was  1.1  x  10'  V/cm  which  corresponds  to  the 
built-in  field  at  the  i-laycr/n  ’’  intciTacc.  This  value  places  an  upper  limit  of  about 
0.5  eV  for  the  Fermi  level  distance  from  the  conduction  band  edge  at  the 
LT/i-layer  interface.  In  the  LTUP  sample,  the  measured  field  was  I.S  x  10' 
V/cm  which  corresponds  to  a  Fermi  level  position  in  the  LT  material  of  anmnd 
0.4-0. 5  eV  below  the  conduction  band.  These  two  measurements  ,ire  exactly  what 
one  woiihl  expect  from  a  single  deep  donor  level  0.4  cV  below  the  conduction 
band  which  corresponds  to  the  EPR’  and  infrared  absorption'''  measured  As- 
antisite  defect.  Fig.  I  shows  our  modelling  results  for  the  LTUN  ease  with  such 
a  defect,  illustrating  the  lack  of  firm  pinning  for  this  system. 
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Figure  1.  Band  bending  diagram  for  LTUN  (un-anncaled)  structure.  A  deep 
donor  is  included  in  the  LT  material  with  energy  0.4  eV  below  the  conduction 
band  edge.  Arrows  indicate  the  interface  between  the  LT,  U  and  N  lavets. 
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Figure  2.  Band  bending  diagram  for  ALTUN  (annealed)  structure.  The 
Fermi  level  in  the  ALT  material  i.s  pinned  at  0.67  eV  below  the  conduclion 
band  edge  (Ec)  and  includes  a  Debye  tail  of  9  nm  at  the  ALT'U  interface. 
Arrows  indicate  the  interface  between  the  ALT.  LI  and  N  layers. 


Data  from  the  ALTUN  and  ALTUP  samples,  however,  indicate  a  com¬ 
pletely  different  system.  The  measured  field  in  both  samples  was  1.25  x  10^ 
V/cm,  indicate  a  single  mid-gap  GaAstAs  Fermi  level  position  for  both  samples. 
Allowing  for  doping  degeneracy  and  Debye  tailing  in  the  doped  substrates,  and 
an  8  nm  Debye  tail  in  the  GaAstAs  layer,  our  calculations  yield  equal  fields  of 
1.3  X  10^  V,/cm  with  a  pinning  position  of  0.67  cV  below  the  conduction  band 
edge.  Modelling  of  the  band  bending  for  the  ALTUN  case  is  shown  in  Fig.  2. 
showing  the  extreme  contrast  between  this  case  and  the  LTUN  (un-annealcd) 
one.  The  extrapolated  pinning  position  is  in  excellent  agreement  with  our  meas¬ 
ured  Fowicr-Nordheim  photoresponse  threshold  of  0.7  eV,'''  and  is  what  one 
would  expect  from  the  barrier  height  of  As  to  GaAs.  In  addition,  it  is  clear  that 
such  pinning  could  not  be  produced  by  a  single  donor  or  acceptor  defect. 

T  he  defect  mediated  compensation  model  is  hard-pressed  to  explain  the 
available  data.  First,  both  donor  and  acceptor  levels  at  the  same  energy  and  with 
densities  greater  than  mid  10'*/cm’  would  be  required  to  explain  the  ALT  matc- 
ri.'il's  observed  doping  compensation.  Second,  these  levels  would  have  to  have 
been  crcatcrl  during  the  600'’  C  anneal,  as  they  are  not  evident  in  the  LT  mate¬ 
rial.  Third,  in  contrast  to  the  EL2  level  in  LT-GaAs,  these  defects  must  he  in¬ 
visible  to  EPR  and  yield  no  discrete  DLLS  signal."  Fourth,  they  can  haieonly 
negligible  effect  on  carrier  mobilities  as  found  in  Tlli’ oplocleetronic  transceivers. 
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Fifth,  whili’  being  created  by  the  bOOC  nnne.n!,  they  niuM  be  grac!i!'’My  rerm"e'! 
by  higher  temperature  RTA's  in  order  to  produce  the  obscr\cd  doping  'acti¬ 
vation".  And  finally,  these  defects  must  be  relatively  transpaieni  in  the  infrared, 
as  early  results  clearly  show'  the  discrete  level  associatctl  with  EF2  being  rcmovcil 
by  annealing  at  600°  C  leaving  a  uniform,  clean  GaAs  background.'’  "  To  our 
knowledge,  there  are  no  defects  in  GaAs  that  fulfill  these  criteria.  And  while  it 
is  certainly  probable  that  some  low  level  of  residual  point  defects  in  the  Ga.As 
malriti  remain,  their  density  is  below  the  resolution  limit  of  available  detection 
methods  and  they  cannot  explain  the  observed  optical  and  electronic  properties. 


I..1  MICRON  GaAsiAs  MSM  FAST  PHOTODECTOR 

Fast  photodctectors  which  operate  at  1.3  or  E.^.S  ;jm  wavelengths  arc  of 
critical  importance  to  integrated  communications  applications.  Normal  GaAs 
exhibits  strong  band-to-band  absorption,  but  with  a  bandgap  wavelength 
threshold  of  820  nm.  Strained  InGaAs/GaAs  supcriatliccs  on  Ga.As  have  re- 
ccnily  been  shown  to  have  good  responsivity  and  reasonably  low  leakage  cur¬ 
rents,  but  arc  difficult  to  grow,  and  must  be  pushed  to  high  In  mole  fractions  to 
operate  in  this  wavelength  regime'*.  Low  temperature,  MBE-grovvn  Ga,^s 
(LT-GaAs)  has  been  used  successfully  at  short  wavelengths  as  the  active 
photoconductive  component  in  photoconductors^  and  in  a  complete  THz-speed 
transceiver  system'".  In  these  systems,  either  bulk  defects  or  macroscopic  As 
precipitates  (formed  by  annealing  the  as-grown  material)  serve  as  recombination 
sites  for  the  photo-generated  electrons  and  holes. 

Within  GaAs  having  As  precipitates  (GaAstAs),  absorption  ran  .also  occur 
in  the  precipitates  themselves,  with  photocarriers  generated  via  emission  over  the 
0,7  cV  As/GaAs  Schottky  barrier.  This  has  been  used  to  produce 
PiN-configuration  photodctectors  with  2-2. .6%  internal  quantum  efficiency,  hav¬ 
ing  packaging  and  capacitance  limited  modulation  speeds  of  2  GHz'".  In  the 
following  sections  we  report  the  fabrication  of  MSM  photodctectors  which  reduce 
the  extrinsic  limitations,  having  modulation  response  bandvvidihs  in  excess  of  .sn 
GHz  over  a  bias  range  of  2-3.6  V. 


PHOTODETECTOR  FABRICATION 

Layer  growth  for  these  devices  is  extremely  simple,  consisting  entirely  of 
undoped  GaAs  and  requiring  a  temperature  change  between  a  typical  growth 
temperature  of  600'’C  and  22.6°C,  On  a  semi-insulating  GaAs  wafer  a  2000  A 
GaAs  buffer  layer  was  grown  at  600°C.  followed  by  1  gm  thick  undoped  GaAs 
layer  grown  at  22.'’CC,  and  a  200  A  cap  layer  of  600°C  GaAs.  The  transition 
between  the  different-temperature  growth  regions  was  achieved  by  continuing 
growth  while  the  changed  temperature  equilibratcti,  resulting  in  tenipcr.ilurc- 
gradc"  regions  of  2.600  and  .600  A  thick,  below  and  above  the  Lf-GaAs  layer, 
respectively.  The  low  temperature  GaAs  is  cxposetl  to  600"C  during  both  the 
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growiii  (if  the  lop  GnAs  layer  and  a  subsequent  60  minulc  anneal  in  an  As2  beam 
after  growth  has  been  completed.  This  process  has  been  demonstrated*  to 
produce  a  high  quality  GaAs  matrix  containing  As  precipitates  of  roughly  70  A 
diameter  with  a  density  of  lO'^cm"^.  The  device  fabrication  was  performed 
using  standard  photo-lithographic  techniques.  The  MSM-PD  was  buried  within 
a  ground-signal-ground  coplanar  striplinc,  with  the  Ti  Pt/Au  MSM-PD  fingers 
and  stripelincs  defined  in  one  mask  step.  The  detector  area  was  7S  x  7.S  ^m^.  with 
finger  spacings  of  3  /im. 

The  optical  excitation  pulses  used  in  this  experiment  were  generated  from  a 
100  MHz  repetition  rate  l.3t/m  Nd:YLF  laser,  focuseo  into  a  liispcrsion  shifted 
single  mode  fibre,  which  spectrally  broadened  and  chirped  the  pulse.  These 
pulses  were  then  compressed  using  a  double  pass  grating  compressor^''.  Typical 
pulse  widths  ranged  from  700  to  900  fs.  The  electrical  pulse  generated  by  the 
detector  was  coupled  into  a  calibrated  40  GHz  Tektronix  sampling  head  by  a  in- 
housc  high  speed  time  domain  probe^'.  The  system  rise  lime,  including  the  probe 
and  sampling  hcatl  was  approximately  13  ps. 


MEASURED  DEVICE  PERFORMANCE 

DC  current-voltage  measurements  of  a  typical  (}aAs:As  MSM-PD  arc 
shown  in  Fig.  3,  for  both  below  (1.3  ftm)  and  above  (820  nm)  bandgap  wave¬ 
lengths,  At  low  fields,  both  below  and  above  bandgap  photocurrent  (anti  tlark 
current)  curves  were  proportional  to  bias,  suggesting  a  photocondiictive  bchatior, 
whereas  above  10  V  the  1.3/<m  phoUKurrent  showed  a  square  law  dependence. 
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Figure  3.  DC  MSM  dark  current  and  photocurrent  (1.3  and  0.82  micron 
wavelengths)  as  a  function  of  bias  voltage.  Incident  optical  power  for  both 
photocurrent  cases  was  I  mW.  Calculated  responsivity  at  20  V  bias  is  30  and 
0.3  mA/W  at  0.82  and  1.3  microns,  respectively. 
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Figure  4.  Impulse  response  of  a  GaAs:As  MSM-PD  with  ?  micron  finger 
spacing  to  an  incident  1.3  micron,  I  ps  excitation  pulse.  Rise  and  fall  times 
were  14  p.s,  whereas  the  system  limit  is  13  ps. 

This  leakage  current  is  comparable  to  that  seen  in  conventional  un-iinplanted 
GaAs  MSM-PDs,  where  an  excess  current  comiuouly  known  ns  low  fiequcncy 
gain22  (LFG)  results  from  photocharging  of  trap  slates  near  the  metal  electrodes. 
This  excess  current  results  in  a  DC  optical  power  dependence  on  the  (dark  cur¬ 
rent  corrected)  responsivity,  in  contrast  to  PIN  photodiode  results''^.  Measured 
MSM  photocurrents  arc  lower  than  unity-gain  would  imply  as  expected  (due  to 
reduced  carrier  lifetimes),  with  typical  values  at  2()V  bias  of  30  and  0.3;iA  at 
820nm  and  1.3/rm  respectively,  while  dark  current  was  about  0.1//A.  Correcting 
for  LFG  and  subtracting  out  the  dark  current,  we  find  the  DC  rcsponsicity  at 
1,3/im  wavelengths  to  be  0.27  mA/W  at  3.33^. 

Figure  4  shows  a  typical  impulse  response  of  an  GaAs:As  MSM-PD  to  1.3 
gm  light  at  a  bias  of  30  V.  The  measured  pulse  response  is  at  our  system  limit 
with  10-90%  rise  and  fall  times  of  around  14  ps,  independent  of  bias  (from  2  - 
3.3V).  Integration  of  the  pulse  produced  an  estimated  responsivity  of  0.23  mA.  W. 
in  close  agreement  with  the  (corrected)  DC  value.  In  contrast  with  the  DC  re¬ 
sults,  we  found  no  change  in  responsivity  for  the  pulse  data  over  the  range  of  il¬ 
lumination  intensities  used  (0.3  -  10  MW/cm).  By  deconvolving  the  response  of 
the  probe  and  the  scope  from  the  temporal  measurement  (rise  time  of  13  ps),  we 
obtain  a  detector  bandwidth  well  beyond  ,30  GHz. 

We  find  that  the  peak  amplitude  and  the  pulse  area  exhibit  a  linear  de¬ 
pendence  on  bias  voltage  (Fig.  3).  This  is  characteristic  of  photoconductive  be¬ 
havior  rather  than  normal  behavior  observed  in  GaAs  MSM-PDs,  for  which  the 
photosignal  saturates  near  unity  gain  at  low  bia.ses.  Also  of  interest,  we  note  that 
if  the  detector  is  illuminated  with  about  100  /jW  of  CW  633  nm  light  the  peak 
response  of  the  detector  to  the  1.3  /(m  pulse  was  increased  by  approximately  20"'ii, 
without  degradation  of  the  temporal  respon.se. 
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Rcsponsivity  in  such  a  system  will  depend  on  carrier  lifetime,  and  somewhat 
on  any  screening  of  the  electric  field  caused  by  charging  of  the  As  wells  near  the 
electrodes.  For  820  nm  wavelengths,  the  free  carrier  lifetime  is  approximately  2 
ps'‘*,  and  assuming  a  uniform  field  we  would  predict  photoconductivc  gain  of 
about  0.06  (upper  limit).  Our  measurements  yield  a  value  of  0.035  -  0.1  (at  20V 
bias),  suggesting  that  sufficient  field  for  electron-hole  separation  docs  indeed  ex¬ 
tend  throughout  the  gap.  From  examination  of  the  voltage  required  for  unity 
gain  in  "normal"  GaAs  PIN-PDs  we  estimate  that  the  minimum  field  must  be  of 
the  order  of  2-4  kV/cm. 

For  1.3  /jm  wavelengths,  however,  we  observe  photoconductivc  gain  in  the 
region  of  0.01  -  0.016  (including  correction  for  measured  absorption  at  this 

wavelength).  We  postulate  that  this  reduction  from  that  observed  for  above 
bandgap  light  is  due  to  the  field  dependence  on  the  escape  probability  for  ab¬ 
sorbing  electrons.  At  820  nm  an  electron-hole  pair  must  be  split,  wheras  at  1.3 
tim  you  only  obtain  a  contribution  to  the  current  if  the  absorbing  electron  can 
escape  from  its  (immediately  charged)  precipitate  and  is  likely  to  have  a 
monotonic  field  dependence  rather  than  exhibit  a  threshold.  The  expected 
charging  of  precipitates  near  the  c<lgc  of  the  gap  will  partially  screen  the  electric 
field,  reducing  the  photocurrent  contribution  over  much  of  the  active  area.  Near 
the  cathode  on  the  other  hand,  electron  emission  from  a  charged  precipitate  could 
likely  leave  behind  a  neutral  site  which  would  be  comparable  to  the  general  ease 
for  above  bandgap  illumination. 


Figure  .5.  Peak  amplitude  of  a  OaAsiAs  MSM-PD  response  pulse,  as  a 
function  of  applied  bias.  The  linear  dependence  is  indicative  of 
photoconductivc  behavior. 
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The  frequency  response  of  the  detector  will  be  strongly  affected  by  where  the 
photocarriers  arc  excited.  Carriers  excited  in  the  central,  low-field  region  that 
escape  from  an  As  well,  will  move  along  the  field  line  until  they  come  under  the 
influence  of  another  charged  well.  This  would  suggest  a  minimum  lifetime  of  ~ 
200  fs,  governed  by  the  average  spacing  between  wells  (200  A).  Of  course,  car¬ 
riers  produced  in  the  high  field  region  will  have  longer  transit  times  as  their  car¬ 
rier  path  length  is  now  limited  by  the  probability  of  trapping  in  a  neutral  state 
(i.c.  ~  2  ps).  If  these  absorption  mechanisms  arc  indeed  the  dominant  factors, 
one  would  then  expect  the  intrinsic  bandwidth  of  the  GaAsiAs  MSM-PD  to  be 
in  the  region  of  0..S  -  .S  THz,  depending  on  which  spatial  region  dominates  the 
photocurrent  production. 


.SUMMARY 

In  summary,  we  have  presented  new  measurements  of  carrier  compensation 
and  band  bending  in  GaAsrAs,  and  shown  that  this  data  is  consistent  with  our 
mode!  of  Schottky  pinning  at  As  precipitates  formed  during  a  bOO"  C  anneal. 
Examination  of  these  and  prior  data  show  that  the  electronic  properties  of  this 
system  arc  dearly  inconsistent  with  a  defect  contntlled  model.  While  it  is  possible 
that  earlier  reports  were  misled  through  the  examination  of  incompletely  annealed 
samples,  our  results  indicate  that  the  electronic  properties  of  I.T-GaAs  annealed 
at  600°  C  or  above  is  completely  controlled  by  the  Schottky  barriers  between  the 
resulting  As  precipitates  and  the  surrounding  GaAs. 

Also,  we  have  demonstrated  a  l.-Vm  GaAs:As  MSM-PD.  with  a  bandwidth 
in  excess  of  50  GHz.  Simple  modelling  suggests  that  the  intrinsic  bandwidth 
could  be  10  to  100  times  higher.  The  advantages  of  GaAs:As  include  simplicity 
of  growth  and  compatibility  with  standard  GaAs  processing,  and  low  leakage 
currents.  Its  single-carrier  absorption  suggests  a  potential  speed  greater  than  that 
for  standard  two-carrier  photodcteclors,  and  its  absorption  thrcshhold  of  0.7  eV 
suggests  applications  in  characterizing  high  speed  photodetectors  operating  at 
communication  wavelengths  (I..5  and  1.55  |rm). 
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ABSTRACT 

"he  localized  vibrational  mode  (LVM)  of  silicon  donor 
(Sica)  iu  molecular  beam  epitaxial  GaAs  layers  grown  at  various 
temperatures  is  studied  using  the  infrared  absorption  technique. 
It  is  found  that  the  total  integrated  absorption  of  this  LVM  is 
decreased  as  the  growth  temperature  decreases.  This  finding 
suggests  a  nonsubstitutional  incorporation  of  Si  in  GaAs  layers 
grown  at  ~  200  "C.  On  the  other  hand,  an  almost  complete 
substitutional  incorporation  is  obtained  in  GaAs  layers  grown  at 
temperatures  higher  that  350  ‘C.  Thermal  annealing  does  not 
cause  any  recovery  of  the  Sica  LVMs  in  present  GaAs  layers  grown 
at  -200  'C. 


XHTRODUCTION  AMD  EXPERXHEMTAL  TECHNIQUE 

It  has  been  shown  recently^  that  the  arsenic-rich  molecular 
beam-epitaxial  (MBE)  GaAs  layers  grown  at  low  temperature 
contain  a  large  density  (-10^^  cm"^)  of  deep  defects  that  are 
related  to  the  arsenic  antisite  (Asca)  defect. 2/3  This  material 
when  used  as  buffer  layers  in  field-effect  transistor  devices 
can  substantially  reduces  backgating  and  sidegating. ^  For  device 
applications  and  kinetic  limitations^  of  low  temperature  MBE 
GaAs,  it  is  desired  to  dope  this  materials  with  n-  or  p-type 
dopants.  One  method  of  studying  the  incorporation  of  dopants  in 
this  class  of  materials  is  to  measure  their  localized 
vibrational  mode  frequencies  (LVMs) .  The  optical  absorption 
technique  has  the  advantage  of  evaluating  the  LVMs  of  isolated 
shallow  impurities  in  GaAs  regardless  of  their  charge  states. 

In  this  letter,  we  report  on  the  optical  absorption  measurements 
of  the  Sica  LVMs  in  MBE  GaAs  layers  grown  at  temperatures 
ranging  between  200  and  580  ’C.  It  is  observed  that  the  total 
integrated  absorption  of  these  LVMs  is  reduced  as  the  growth 
temperature  decreases  suggesting  a  nonsubstitutional 
incorporation  in  layers  grown  at  low  temperatures.  The  effect 
of  the  thermal  annealing  on  the  Sica  LVM  in  layers  grown  at 
200  'C  will  be  presented. 

The  MBE  layers  were  grown  in  Varian  systems  under  normal. 
As-stabilized  conditions,  at  a  growth  rate  of  0.8  (im/h.  The  beam 
equivalent  As-to-Ga  pressure  ratio  was  about  20.  The  substrate 
was  semi-insulating  GaAs  grown  by  the  liquid-encapsulated 
Czochralski  technique.  The  substrate  temperature  (T)  was  varied 
between  200  and  580  "C.  The  thickness  was  20  nm  for  layers 
doped  with  Si.  Infrared  absort^tion  measurements  were  made  at 
11  K  with  a  BOMEM  spectrometer.  Silicon  doped  GaAs  layers  grown 
at  T  >  350  "C  were  electron  irradiated  at  room  temperature  by 
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using  a  2.1  MeV  electron  beam  from  a  van  de  Graaff  accelerator 
in  order  to  reduce  the  free  carrier  absorption.  A  conventional 
Hall  effect  technique  is  used  to  measure  the  free  carrier 
concentration  and  conductivity. 

BESaLTS  AND  DZSCDSSZONS 

The  optical  absorption  of  the  isolated  Sica  LVM  recorded  at 
77  K  is  shown  in  Fig.  1  for  five  samples  grown  at  different 
temperatures  but  doped  with  the  same  silicon  density  ([Si]  ~ 
1x10^®  cm'®)  .  It  is  clear  from  this  figure  that  the  intensity 
of  the  Sioa  is  decreased  substantially  in  samples  grown  at  T 
<  250  'C.  Due  to  the  free  carriers  absorption  in  samples  grown 
at  T  >  350  'C,  the  Sioa  bVM  is  observed  only  after  irradiating 
these  samples  with  a  2.1  MeV  electron  beam  (dose  -  '"xlOi^  cm'^)  . 
The  pea)<  position  energy  of  the  Siqa  LVMs  is  about  383.5  cm'i 
for  all  samples  (within  experimental  error)  except  che  sample 
grown  at  200  ‘C  which  shows  an  apparent  shift  toward  a  higher 
energy.  This  shift  may  be  due  to  the  stress  (strain)  present  in 
the  MBE  layer.® 


Fig.  1.  The  localized  vibrational  mode  of  Sioa  in  MBE  GaAs 
grown  at  different  temperatures .  Spectra  (a)  and  (b) 
were  obtained  after  irradiating  the  samples  with  a  2.1 
MeV  electron  beam.  The  spectra  were  recorded  at  77  K. 


The  total  integrated  absorption  of  the  Sica  I-VM  is  plotted 
in  Fig.  2  as  a  function  of  the  growth  temperature.  The  reduction 
of  the  LVM  intensity  as  the  growth  temperature  is  decreased 
indicates  a  reduction  of  the  substitutional  incorporation  of 
silicon  in  MBE  GaAs.  A  trend  similar  to  that  of  Fig.  2  was 
observed®  in  the  total  carrier  concentrations  in  GaAs; Si  and 
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Growth  Temperature  CO 


Fig.  2.  The  total  integrated  absorption  of  the  localized 
vibrat'onal  modes  of  Sioa  rn  MBS  GaAs  as  a  function  of 
growth  temperature . 


AlGaAsrSi  grown  at  temperatures  ranging  between  350  and  620  'C. 
The  important  oonclusion  here  is  that  the  substitutional 
incorporation  rate  of  S  i  Ga  if'  MBE  GaAs  samples  grown  at  T<250  'C 
is  very  small  as  compared  to  that  of  samples  grown  at  T>300  "C. 

The  thermal  annealing  effect  on  the  Sica  LVM  in  GaAs  grown 
at  200  'C  is  shown  in  Fig. 3.  Spectrum  (a)  in  this  figure  is  the 
same  as  spectrum  (e)  in  Fig.  1.  Figure  3  (b)  is  recorded  after 
furnace  annealing  the  same  sample  [spectrum  (a))  at  600  'C  for 
20  min.  The  total  integrated  absorption  of  the  LVM  in  spectrum 
(b)  is  almost  doubled  after  the  furnace  anneal  suggesting  that  a 
fraction  of  the  silicon  atoms  are  incorporated  at  the  regular 
Ga-site.  However,  rapid  thermal  annealing  at  850  ’C  for  15  s 
seems  to  substantially  reduce  the  silicon  substitutional 
incorporation  as  shown  in  Fig.  3  (c)  . 

The  Sica  LVM  results  described  here  have  a  reievance  with 
regard  to  compensation  in  low  temperature  MBE  GaAs.  Basically, 
two  compensation  models  have  been  proposed  to  explain  the  high 
resistivity  in  annealed  low  temperature  MBE  GaAs:  (1)  a  "point- 
defect"  model  in  which  a  deep  donor  Ndd  (^Sca  related 
defect ) compensates  a  shallow  acceptor  Nsa,  leaving  the  Fermi 
level  near  mid-gap;  and  (2)  an  "As-preciptate"  model  in  which 
large  (-60  A),  dense  (~10l3  cra"3)  precipitates  of  metallic  As 
produce  overlapping  Schottky  depletion  regions  as  a  result  of 
attracting  the  free  carriers  to  the  metal. If  the  depletion 
regions  strongly  overlap,  the  whole  volume  of  the  sample  is 
essentially  held  at  the  Schottky  potential,  which  is  also  near 
mid-gap.  Let  us  first  suppose  that  each  of  the  shallow  donor 
(Nsd)  Sica  in  the  present  samples  contributes  one  conduction 
electron  to  the  sample.  Then  low  resistivity  would  be  expected 
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Fig.  3.  The  effect  of  thermal  annealing  on  the  Sig^  localized 
vibrational  mode  in  a  GaAs  sample  grown  at  200  'C. 

Spectrum  (a)  is  obtained  before  thermal  annealing, 
spectrum  (b)  is  recorded  after  furnace  annealing  the 
sample  at  600  'C  for  20  min,  and  spectrum  (c)  is  recorded 
after  rapid  thermal  annealing  (RTA)  the  sample  at  850  'C 
for  15  sec.  All  spectra  were  recorded  at  77  K. 

unless  (1)  the  As-precipitates  were  active,  or  (2)  Nsa  >Nsd 
Nsa  were  not  too  far  below  mid-gap.  Indeed,  Nsa  tan  be  quite 
large^'3  (>10i8cm“3)  from  electron  paramagnetic  (EPR)  results  in 
unannealed,  200  'C  -grown  MBE  GaAs,  but  it  is  much  lower  in 

annealed  materials,  as  determined  by  the  lack  of  an  As^^  related 

EPR  signal.  Thus  Nsa  in  annealed  material  cannot  compensate  10^® 
cm"^  silicon  atoms  if  each  is  electrically  active  (i.e.  Siga) , 
and  the  As-precipitate  model  (or  some  totally  different 
mechanism)  must  be  invoked.  However,  the  present  Si^a  LVM 
results  show  that  Si  is  mostly  not  electrically  active  in  either 
unannealed  or  annealed,  200  ’C-grown  MBE  GaAs.  Therefore, 
there  is  no  need  to  invoke  the  As-precipitate  model  to  explain 
the  lack  of  conductivity  in  this  material.  It  might  be  noted 
that  300  "C  -  grown  MBE  GaAs  can  be  made  particularly  conductive 
(-1015  cm"3)  by  doping  with  Si.  According  to  a  recent  tunneling 
electron  microscope  (TEM)  analysis  of  precipitates  in  material 
grown  at  300  'C  and  annealed  at  600  ‘C,  about  0.78x101®  cm"3 
precipitates  of  average  diameter  76  A  would  be  expected. n  A 
further  analysis  then  suggests  that  about  20%  of  the  sample 
volume  would  be  depleted  of  free  carriers. l^  However,  an  actual 
increase  of  the  free  carriers  concentration  is  observed  by  Hall 
measurements.  In  any  case,  a  more  definitive  study,  combining 
Si  doping,  annealing  at  various  temperatures,  TEM  analysis,  and 
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Hall  measurements  will  have  to  be  carried  out  to  determine  if 
As-precipitate  model  has  validity.  The  results  of  the  present 
study  simply  state  that  this  model  is  not  needed  to  explain  the 
high  resistivity. 


CONCLUSION 


In  conclusion,  the  optical  absorption  of  the  localized 
vibrational  modes  of  Sica  in  MBE  GaAs  are  studied  for  the  first 
time  as  a  function  of  growth  temperature.  The  total  integrated 
absorption  of  these  localized  vibrational  modes  is  found  to 
decrease  as  the  growth  temperature  decreases  suggesting  a 
nonsubstitutional  incorporation  in  samples  grown  at  temperature 
less  than  300  ‘C.  Post-growth  thermal  annealing  of  silicon 
doped  samples  grown  at  200  ‘C  does  not  seem  to  significantly 
increase  the  substitutional  incorporation  of  Sica-  The  present 
results  regarding  the  Sica  LVM  in  200  'C  -  grown  MBE  GaAs 
suggest  that  the  As-precipitate  model^O  is  not  needed  to  explain 
the  high  resistivity  in  this  type  of  material. 
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ABSTRACT 

The  compensation  mechanism  and  transport  properties  of  annealed  GaAs  grown  by  molecu¬ 
lar  beam  epitaxy  at  low  substrate  temperature  (LT-GaAs)  and  Cu  diffused  InP  are  analyzed  by 
using  a  deep  donor  band  model  and  a  precipitate  model.  It  was  found  that  the  compensation  in 
highly  resistive  LT  GaAs  can  not  be  explained  by  the  precipitate  model  alone,  and  therefore  a 
high  donor  density  had  to  be  considered.  In  Cu  diffused  InP,  the  precipitate  model  gives  a  con¬ 
sistent  explanation  for  the  observed  carrier  compensation  and  mobility  data.  For  both  semi-insu- 
lating  LT-GaAs  and  fully-compensated,  lightly-doped  InPiCu.  the  neutral  impurity  scattering 
was  found  to  be  a  major  cairier  scattering  mechanism. 


INTRODUCTION 

Since  Smith  and  Calawa  [1]  first  reported  the  molecular  beam  epitaxy  (MBE)  growth  of 
GaAs  layer  at  low  substrate  temperature  (LT-GaAs)  and  us  successful  application  as  a  buffer 
layer  in  FET  devices,  there  has  been  a  great  progress  made  in  both  application  and  understand¬ 
ing  of  matenal  properties  of  LT-GaAs  [2-6].  LT-GaAs  is  highly  resistive  after  annealing  at 
600°C.  It  is  known  that,  in  LT-GaAs,  there  exists  over  I  at%  excess  As  Asr,-  aniisite  defects  are 
on  the  order  of  10  /cm  in  as  grown  LT-GaAs[3].  and  As  precipitates  are  on  the  order  of  10  7 
cm^  in  600°C  annealed  LT-GaAs],*!].  The  unusual  high  density  defects  play  a  key  role  in  deter¬ 
mining  the  LT-GaAs  material  properties.  In  regarding  to  the  compensation  mechanism,  there  are 
two  models;  deep  donor  band  model  proposed  by  Look  et  al.[6]  and  As  precipitate  model  by 
Warren  et  al.[7].  In  Look’s  model,  a  EL2  deep  donor  band  is  assumed  as  the  major  compensa¬ 
tion  centers,  similar  to  the  case  of  undoped  semi-insulaling  bulk  GaAs.  except  the  density  of 
EL2  level  is  much  higher  in  LT-GaAs.  It  was  reported  that  the  high  density  of  EL2  level  in  LT- 
GaAs  annealed  above  500°C  was  measured  by  the  photoabsoiption  measurement[8].  However, 
this  model  failed  to  explain  the  semi-insulating  behavior  of  annealed  Si  doped  LT-GaAs.  Based 
on  the  transmission  electron  microscopy  (TEM)  observation,  Warren  et  al.  suggested  that  over¬ 
lapping  of  the  depletion  regions  surrounding  the  As  precipitates  could  explain  the  semi-insulat- 
ing  behavior  of  both  undoped  and  doped  LT-GaAs.  Recently,  Leon  el  al.  [9]  reported  that  Gu 
diffusion  in  InP  could  lead  to  the  foimation  of  semi-  insulating  InP.  It  was  suggested  that  Cu 
precipitate  may  be  responsible  for  the  scmi-insulating  properties  of  lnP:Cu  based  on  the  TEM 
observation.  Thus,  it  is  of  great  interest  to  analyze  the  compensation  and  transport  properties  of 
both  LT  GaAs  and  InP:  Cu  based  on  the  two  models. 


COMPENSATION  AND  TRANSPORT  PROPERTIES  OF  LT-GaAs 

The  .fipm  thick  undoped  LT-GaAs  layer  grown  at  200'’C  was  used  in  this  study.  There  is 
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2.5  at%  excess  As  in  this  material.  The  detailed  structural  and  electrical  properties  were 
reported  in  Ref.  4.  Fig.  1  and  2  show  the  carrier  concentration  and  mobility  data  as  a  function  of 
measurement  temperature  for  a  600“C  RTA  annealed  sample.  The  reduction  of  mobility  at  and 
below  room  temperature  is  due  to  the  hopping  conduction  [4].  From  the  charge  neutrality  condi¬ 
tion,  the  following  expression  for  electron  density  in  conduction  band  can  be  obtained. 

n,.  =  1.85x10-  -  1  j  ^  T  X  ‘’^P  (— /f  ) 

where  Nd  is  the  donor  concentration.  is  net  acceptor  concentration,  and  Ejyo  'S  activation 
energy  of  the  deep  donor  level.  The  mobility  is  calculated  by  using  Matthiessen's  rule, 
p*'  =  p”*  -I-  p”*  +  p”g  where  p,  is  ionized  impurity  scattering  limited  mobility,  p  „  is  neutral 
impurity  scattering  limited  mobility  and  Pp^  is  polar-optical-phonon  scattering  limited  mobility. 
As  shown  in  Fig.  1  and  Fig. 2,  the  experimental  data  ware  fitted  fairly  well  by  the  calculated 
curves,  with  the  parameters  chosen  at  Np  =  2  x  10**/cm-.  =  5  x  10*-^/cm‘\  Euo  = 

The  electron  mobility  is  limited  by  neutral  impurity  scattering.  More  detail  discussion  can  be 
found  in  Ref,  4  and  6. 

In  the  precipitate  model,  the  depletion  width  R  of  the  As-GaAs  Schottky  junction  is  deter¬ 
mined  by  solving  Possion's  equation!?]. 

%  ^  6tr 

2R-  -iR-»r  +  r  <  a  ; 

where  'P  is  the  barrier  weight,  Np  is  doping  density,  and  r  is  precipitate  size.  We  assume  that  the 
average  size  of  precipitate  is  .?0  A  and  precipitate  density  is  on  the  order  of  1 0’ Vcm  '.  The  Fermi 
level  at  the  As-GaAs  interface  is  assumed  to  be  pinned  at  0.8eV  below  the  conduction  band. 
From  the  experimental  data,  the  room  temperature  electron  density  in  conduction  band  is 


lOOO/T  l/K  I 

Fig  I  Temperature  dependent  carrier 
concentration  of  Lf-GaAs. 


Fig.2  Temperature  dependent  Hall 
mobility  of  LT-GaAs. 
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1 .9  X  10  So  the  Fermi  level  is  at  E(.-0.44  eV  at  midway  between  neighboring  As  precip¬ 

itates.  From  Eq.  (2),  if  Nq  is  below  10*^/cm‘  which  is  a  typical  shallow  impurity  concentration 
in  undoped  MBE  GaAs  layer,  then  the  depletion  region  would  be  totally  overlapped  and  Fermi 
level  should  lie  at  around  O.SeV  below  the  conduction  band.  Apparently,  this  is  not  the  case  for 
this  LT-GaAs.  In  order  that  Fermi  level  is  located  at  E(.-0.44  eV,  a  high  density  of  donor  impu¬ 
rity  level  larger  than  1  x  10**/cm^  is  required.  The  above  discussion  indicates  that  the  deep 
donor  band  in  this  LT-GaAs  may  play  an  important  role  in  determining  the  compensation  level. 

The  electron  movement  in  LT-GaAs  with  presence  of  As  precipitates  can  be  a  complicated 
process.  The  space  charge  region  may  be  assumed  to  be  an  impenetrable  object  to  electrons.  The 
scattering  effect  depends  on  the  barrier  height.  A  simple  approximation  was  used  to  estimate  the 
electron  mobility  limited  by  the  impenetrable  objects!  10] 


9.2036x10** 
(ApO)  ‘r'  * 


(cm^A's) 


.3  > 


where  Np  is  density  of  impenetrable  objects  and  o  is  scattering  cross  section.  From  the  Fermi 
level  position,  the  As-GaAs  junction  barrier  height  is  determined  to  be  "T  =  0.36  eV'.  The  min¬ 
imum  space  charge  region  width  (R  =  120A)  is  calculated  based  on  Eg. (2)  if  all  deep  donors  are 
assumed  to  contribute  to  the  formation  of  space  charge  region.  The  scattering  cross  section  is 
taken  to  be  7tR"[l  1].  Then  Np<T  product  is  5x10^ cm''  with  Np  =  Ixio'^/cm" .  Between  300K 
and  400K.  the  mobility  calculated  from  Eq.(3)  is  less  tan  1000  cm'A's  which  is  smaller  than 
measured  mobility (>  2000  cm'A's).  This  shows  that  scattering  by  precipitate  is  not  the  domi¬ 
nant  mechanism.  Look  also  gave  a  similar  conclusion  in  his  recent  paper  [  1 2],  It  should,  how¬ 
ever,  be  noted  that  the  presence  of  As  precipitates  in  this  LT-GaAs  sample  has  not  been  verified 
yet. 


Doping  L«vc)  (cm  •-') 


Fig.3  Resistivity  of  InP  with  different  background  doping 
level  after  SOtf’C  Cu  diffusion  for  20  hours  and  1.5s  RTA 
annealing  at  330‘’C 


36 


COMPENSATION  AND  TRANSPORT  PROPERTIES  OF  InPrCu 

Cu  diffusion  in  InP  was  performed  by  evaporating  a  thin  Cu  film  onto  InP  wafer  surfaces 
and  then  annealing  it  in  an  evacuated  ampoule  at  800“C  for  24  to  36  hrs.  All  samples  were  pro¬ 
cessed  under  identical  conditions.  It  was  found  that  both  n  type  and  p  type  InP  could  be  com¬ 
pensated  and  become  highly  resistive  without  changing  the  type.  Auger  electron  spectroscopy 
(AES)  measurement  showed  that  Cu  concentration  is  below  the  AES  detection  limit  which  is 
about  1  at%.  Fig.  3  shows  the  room  temperature  resistivity  data  as  a  function  of  the  back  ground 
doping  level  in  InP  wafers  after  350°C.  15s  RTA  armealing.  It  is  seen  that  the  resistivity 
decreases  with  the  increasing  background  doping  level,  and  the  compensation  is  more  effective 
in  p-t\'pe  InP.  It  is  not  clear  at  present  time  whether  Cu  impurity  would  form  a  deep  donor  level 
or  acceptor  level  in  InP.  It  is  obvious  that  simultaneous  compensation  of  n-type  and  p-type 
material  can  not  be  explained  by  the  deep  level  model  alone  if  Cu  impurity  would  only  form  a 
donor  or  acceptor  level.  It  is  known  that  Cu  is  a  double  acceptor  m  GaAs.  As  a  comparison.  Cu 
diffusion  was  performed  in  n-type  and  p-type  GaAs  with  identical  procedure  as  that  for  InP:Cu. 
It  was  found  that  there  is  no  carrier  reduction  in  Cu  diffu.sed  p-type  GaAs.  However,  after  Cu 
diffusion  at  700”C,  n-type  GaAs  w'ith  5xl0’^/c_m-^  doping  level  convened  into  a  conductive  p- 
type  GaAs  and  n-type  GaAs  with  1.5xl0’*/cm'  doping  level  became  a  highly  resistive  p-type 
GaAs.  Cu  diffusion  at  a  higher  temperature  would  conven  all  n-type  GaAs  into  conductive  p- 
type  material.  This  indicates  that  compensation  of  electron  in  GaAsiCu  is  due  to  the  Cu  acceptor 
levels!  13]. 

A  TEM  study  of  Cu  diffused  InP  has  shown  the  formation  of  Cu  precipitates  [9].  Therefore 
the  Cu  precipitate  compensation  model  appears  to  be  a  plausible  model.  Fig.  4  and  Fig.  5 
show  the  temperature  dependent  carrier  concentration  and  mobility  data  for  the  Cu  diffused  n- 
type  InP  with  the  background  doping  level  at  5  x  10 ’■'/cm'.  6  x  10 ’^/cm-'  and  1  x  lO’^/cm' . 
The  reduction  of  mobility  in  panially  compensated  samples  is  most  interesting.  Before  Cu  diffu¬ 
sion,  the  room  temperature  mobility  values  w-ere  4000  cm'/Vs  for  the  sample  with  5  x  lO*'  /cm 
^  doping  level,  2560  cm"/Vs  for  the  sample  with  6  x  10*'  /cm'  doping  level  and  1700  cm"/Vs 
for  the  sample  with  1  x  lO”*  /cm-  doping  level.  If  the  reduction  of  mobility  in  the  Cu  diffused 
samples  was  due  to  the  impurity  or  defect  scattering  only,  it  would  be  expected  that  all  three 
samples  show  sunilar 


SOCfC  Cu  di^ton 
350'tRTAI5f 


r  +  =  5  X  lO*'  /cm’ 

o  »  6  *  10*^  /cm’ 

^  1  »  10**  /cm' 

2.5  3  3.5 

1000/T  fl/K> 


Fig.4  Temp.-dependent  carrier  concent. 


Fig  5  Temp-dependent  Halt  mobility. 
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Fig.6  The  overlaping  of  space  charge  region  as  a  function 
of  doping  level 

mobility  data.  But  this  is  not  the  case.  Qualitatively,  the  mobility’  data  can  be  explained  by  the 
Cu  precipitate  model.  For  a  given  density  and  size  of  precipitates,  depletion  regions  overlap  less 
when  the  doping  level  is  higher  as  shown  in  Fig.  6.  Electrons  will  experience  a  high  barrier 
height  m  the  less  compensated  sample.  Thus  the  scattering  due  to  space  charge  region  will  be 
stronger.  When  the  depletion  regions  are  fully  ^..dapped  as  shown  in  Fig.  6.  scattering  due  to 
precipitates  will  be  greatly  reduced.  As  shown  in  Fig.3.  the  undoped  InP.Cu  has  the  highest 
resistivity  and  mobility  among  the  three  samples.  The  Fermi  level  of  this  sample  is  at  Ej-0.57 
eV,  So  it  can  be  assumed  that  the  depletion  regions  are  fully  overlapped  in  undoped  InP:Cu.  It 
was  found  that  the  temperature  dependent  mobility  of  this  undopedf  n  =  5  x  lO'^/cm')  InP:Cu 
could  be  fitted  by  neutral  impurity  scattering  combined  with  the  polar-optical  phonon  scattering. 
The  combination  of  dependent  mobility  and  polar-optical-phonon  scattering  limited  mobil¬ 
ity  could  not  fit  the  experimental  data.  This  suggests  that,  for  fully  compensated  sample,  the 
effect  of  precipitates  on  the  mobility  is  not  significant. 

Carrier  concentration  data  offered  another  interesting  observation  The  Fermi  level  in  each 
sample  is  estimated  from  room  temperature  carrier  concentration  as  listed  in  Table  I.  The  Fermi 
level  is  assumed  to  be  pinned  at  E(.  -  0.55  eV  of  the  interface  of  Cu-lnP  Schottky  junction.  The 
Cu  precipitate  size  is  assumed  to  be  less  than  lOOA.  With  these  assumption,  it  is  found  that  the 
space  charge  region  R  calculated  based  on  Eq.  (2)  for  two  high  doping  samples  are  close  to  each 
other,  with  r  varying  from  40A  to  80A.  The  R  value  is  listed  in  table  1  for  r  =  80A.  This  suggests 
that  compensation  in  these  two  high  doping  samples  can  be  explained  by  precipitate  model  as 
well.  However,  there  is  question  regarding  a  possible  Fe  contamination  in  Cu  diffused  InP.  Fe  is 
a  compensating  acceptor  in  InP  with  activation  energy  E,  =  0-65eV  which  is  close  to  the  activa¬ 
tion  energy  of  carrier  concentration  (Ej  =  0  62eV)  in  the  lowest  background  doping  InPiCu.  If 


Table  I 


Doping 

Carrier  Conceni 

h'emii  ® 

Space  Charge 

Level 

Afier  Diffusion 

Level 

Region  Size 

no  (cm'-' ) 

nj  (cm  ^) 

Ec  Fi.(eV) 

R(A) 

Ixio'® 

5.6xu/'^ 

0  I2I 

24() 

6x10*^ 

S.O.TxkI’’ 

0.24.1 

251 

5xlo'^ 

1.4.1x10** 

O.SbR 

a.  The  Fermi  level  was  calculated  from  carrier  concentration  for  the  diffused  .samples. 


b.  The  space  charge  region  size  was  calculated  from  Eq-(2). 


this  is  the  case,  InP:Cu  should  show  similai  behavior  to  that  of  GaAs:Cu,  It  is  believed  that  Fe 
contamination  is  not  significant  in  InP:Cu  material. 


SUMMARY 

For  RTA  annealed,  highly  resistive  LT-GaAs,  the  deep  donor  level  may  play  a  significant 
role  in  the  compensation  mechanism.  The  transport  propenies  are  determined  by  the  impurity 
scanering.  In  InP:Cu.  Cu  precipitates  were  considered  as  a  responsible  mechanism  for  the  high 
resistivity.  For  partially  compensated  InP:Cu  material,  the  electron  mobility  was  affected  by  the 
precipitates.  However,  the  electron  mobility  of  fully  compensated  InP;Cu  are  controlled  by  the 
neutral  impurity  scattering. 
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ABSTRACT 

The  electrical  characteristics  of  an  N(LT)N  structure  arc  studied  through  implementation  of  numerical 
simulation  techniques  for  the  case  of  donor  traps  0.83  ev  below  the  conduction  band  and  acceptor  traps  0.3 
ev  above  the  valence  band.  The  results  show  characteristics  sensitive  to  the  relative  densities  of  the  traps.  In 
particular,  high  acceptor  trap  /  low  donor  trap  concentrations  generally  result  in  low  breakdown  voltages, 
whereas  high  acceptor  /  high  donor  concentrations  result  in  higher  breakdown  voltages. 

INTRODUCTION 

The  purpose  of  this  discussion  is  to  briefly  summarize  recent  calculations  of  the 
electrical  characteristics  of  low  temperature  growth  GaAs  (LT  GaAs).  The  device 
studied  was  a  three  micron  N(LT)N  structure  with  N  regions  characterized  by  shallow 
donors  at  10‘  ^/cm’;  and  an  LT  region  characterized  by  a  single  level  of  acceptor  traps 
of  density  P3,  located  0.3  ev  above  the  valence  band  [1],  and  a  single  level  of  donor  traps 
of  density  N(j  located  at  0.83  ev  below  the  conduction  band. 

The  results  are  placed  in  two  categories:  Highly  resistive  LT  regions  ( >  10’  ohm-cm) 
with  (a)  low  current  levels  and  sudden  breakdown,  and  (b)  higher  current  levels  with 
gradual  breakdown.  Breakdown  characteristics  depend  upon  the  magnitude  and 
distribution  of  the  field.  For  high  acceptor  /  low  donor  trap  concentrations  the  fields  is 
near  zero  in  the  LT  region  and  approaches  breakdown  values  at  the  anode  (LT)N 
interface;  for  other  combinations  the  field  profile  is  complex.  The  study  suggests  that 
breakdown  voltages  will  depend  upon  growth  and  processing  temperatures  of  LT  GaAs. 

THE  GOVERNING  EQUATIONS 

The  equations  include  rate  equations  for  electrons  and  holes,  acceptor  and  donor  traps: 

(1)  dn/at-div(j„/e)  =G  +  {c„dInjNjO-nNj  +  )  +  c„JnaPa--nP3'>]} 

(2)  ap/at  +  div(jp/e)  =  G  +  {Cp3(PaPj,0-pP3-l  +Cp<jlpjNd+-pNdO|} 

(3)  3P3-/at  =  ^P3-  +  e3P30 

(4)  aNd  +  /at=-e4Nd++eiNdO 

Superscripts  denote  ionized  and  neutral  acceptors  and  donors;  particle  currents  are: 

(5)  =  jp=e|P»p-Dp«radpJ 

and  diffusivities  are  governed  by  the  Einstein  relation.  Avalanche  generation  [2]  is: 

(6)  G^anlexp-fbn/lFD^lIjnl/e  +  aplexp-fbp/lFD^Hjpl/e 

and  the  emissivity  coefficients  ei...e4  are: 
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(7)  ei-c„jnd  +  pcpd,  <=2"Sa''a  +  I^pa 

e3"'paPa'*^'’‘i>a-  «4"<=pdPd+”'=nd 

Cnd.  Cfia.  etc.,  are  capture  coefficients  [3];  nj,  pj,  etc.,  are  obtained  at  equilibrium.  The 
above  equations  are  coupled  through  Poisson’s  equation,  which  in  terms  of  energy  is: 

(8)  v^E=^e’/£l[(n-pMNd+-P3-)l 

The  energy  and  potential  are  related,  E=-e<^;  the  field  in  equation  (6)  is  F  =  -v,p. 

THE  RESULTS 

All  calculations  were  for  the  figure  1  shallow  doping  distribution,  with  the  results 
dependent  upon:  (i)  the  Fermi  level,  (ii)  the  ratios  Pa/N^,  and  (iii)  the  trap  density. 

Low  Bias  Results:  Resistivities  and  compensation  estimates  were  obtained  at  low  bias 
levels  from  the  density  distributions  within  the  interior  of  the  LT  region.  At  a  bias  of  l.C 
volts  the  results  are  similar  to  those  at  zero  bias.  As  seen  in  table  1,  the  resistivities 
exceed  10*  ohm-cm  for  donor  traps  at  10*  “,  and  acceptor  traps  between  10’’ 
and  10’  *.  The  positions  of  the  equilibrium  Fermi  level  (above  the  valence  band)  for 
Nd  =  10’  *,  and  Na  =  (10’  *,  10’  ’,  10’ ')  are  Ef(ev)  =  (0.69,0.63,0.45),  respectively.  For 
Nd  =  10”’,  and  Na=10’*,  Ef  =0.63ev.  The  designation  ’p’  identifies  the  region  as 
p-type,  with  the  mobility  dominated  by  holes.  Table  2  displays  the  ionization  of  the  traps 
at  1.0  V.  The  results  indicate  that  within  the  insulating  LT  region  Pa“''Nd  . 


Figure  I,  Shallow  donor  conceraration  of  the  N(LT)N  structure. 
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9.2410*  (n,p) 
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2.45x10*  (p) 

•  • 

10’  • 
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•  * 

•  • 
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Table  I.  Resistivities  (ohm-cm)  of  the  LT  region  at  1,0  v. 


41 


Nd(’)/Pa(’) 

10*  » 

10*’ 

10*  “ 

10*  “ 

to*  “ 

Pa~~Pa. 

Nd-'-O.lNd 

•  • 

•  • 

•  • 

to*  ’ 

Pa~-Pa 
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Nd^'O.lNj 
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Nd+-Nd 

Nd-^-Nj 

Nd  +  -0.1Nd 

•  • 

10*“ 

Pa~>Nd 

Nd+~Nd 

•  • 

•  • 

•  • 

Table  2.  Approximate  compensation  conditions  in  LT  region  at  1-0  v. 


Finite  and  High  Bias,  Nj=0:  Ef  is  significantly  below  midgap.  The  results  for:(i)  Pg 
varying  from  10*  ■‘/cm’  to  10*  “/cm’,  and  (ii)  Pg  >  10*  “/cm’,  are  distinctly  different. 
For  varying  from  10'  */cm^  to  10'  ‘Icm^,  and  at  low  voltage,  charge  neutrality  within 
the  LT  region  means  p^Pg";  and  n  is  negligible.  At  elevated  bias  levels  electrons  are 
injected  into  the  LT  region  and  trapped  by  the  acceptors.  At  sufficiently  high  bias,  with 
the  acceptor  traps  filled  there  is  a  significant  increase  in  n,  and  a  significant  current 
increase.  The  electric  field  profile  increases  nearly  linearly  with  distance.  Further 
increases  in  bias  result  in  avalanche  multiplication.  For  larger  Pa-  higher  bias  is  required 
to  fill  the  acceptors,  but  the  field  profile  within  the  structure  is  still  linear.  The  relevant 
profiles  for  this  calculation  at  a  bias  prior  to  breakdown  are  shown  in  figure  2,  for 
Pa=  10*  “/cm’.  For  >  10'  ^/cm^,  the  kinetics  is  primarily  that  of  holes  within  the 
valence  band  and  the  ionized  deep  acceptors,  whose  concentration  is  approximately  two 
orders  of  magnitude  below  the  total  trap  density.  There  is  near  charge  neutrality  within 
the  LT  region  except  at  the  downstream  (LT)N  interface  where  a  high  concentration  of 
ionized  acceptor  traps  forms,  with  a  reduction  of  mobile  holes.  There  is  also  a  zone 
depleted  of  electrons  within  the  heavily  doped  N  region.  One  observes  the  formation  of 
a  pn  junction  region  as  a  result  of  the  trap  dynamics,  with  the  generation  of  a  local  high 
value  of  electric  field.  As  a  result  avalanching  occurs  at  lower  values  of  voltage,  than  for 
the  lower  P^  study.  The  high  Pg  study  is  displayed  in  figure  3. 

The  situation  for  N^jeO  is  qualitatively  different,  although  there  are  ostensible 
similarities.  For  example  with  N(j=  10*  ’/cm’  and  Pg=  10*  “/cm’  the  field  profile  is 
qualitatively  similar  to  figure  3.  The  difference  is  that  the  acceptor  ionization  is 
accompanied  by  ionized  deep  donors,  as  seen  in  figure  4.  The  breakdown  characteristics 
are  similar  to  the  Nq  =  0  study.  The  situation  when  Nj  =  Pa=  10*  “/cm’,  displays 
characteristics  that  appear  as  a  hybrid  of  the  calculations  of  figures  2  and  3.  At  voltages 
up  to  and  near  20  volts  the  field  distribution  is  qualitatively  similar  to  that  of  figure  3, 
although  the  peak  field  is  approximately  60  kv/cm  less.  Further  bias  increases  result  in 
modest  changes  in  the  n  and  p  profiles  within  the  LT  region,  but  an  increasing  share  of 
the  voltage  drop  across  the  LT  region.  Breakdown  occurs  at  much  higher  voltage  levels. 
The  current  voltage  characteristics  for  a  select  set  of  trap  densities  are  displayed  in  figure 
5.  The  trap  density  dependence  of  breakdown  is  shown  in  table  3. 


Figure  2.  (a)  Total  arid  ionized  trap  distribution  at  a  bias  of  45  v.  (2b).  Distribution  of 
electrons  and  holes. 
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Figure  2c.  Potential  and  electric  field  distribution  at  45  v. 
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Figure  3.  (a)  Total  and  ionized  trap  distribution  at  21v.  (3b).  Distribution  of  n  and  p. 
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T able  3.  Breakdown  voltages  for  different  densities  of  traps. 


SUMMARY 

The  conclusion  of  this  study  is  that  the  electrical  characteristics  of  N(LT)N  structures  are 
dependent  in  a  very  sensitive  way  on  the  distribution  of  traps.  The  calculations  strongly 
suggest  that  for  N(LT)N  structures,  the  low  voltage  and  high  voltage  electrical 
characteristics  may  provide  a  signature  of  the  relative  density  of  donor  and  acceptor 
traps.  Of  particular  importance  is  the  development  of  pn  (4)  junction  behavior  and  low 
breakdown  voltages  for  acceptor  trap  dominated  material.  It  is  anticipated  that  the 
details  of  the  results  will  depend  upon  the  doping  levels  of  the  shallow  cladding  regions; 
preliminary  studies,  however,  do  not  reveal  significant  qualitative  dependencies. 
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ABSTRACT 

LT  GaAs(220°C)  was  grown  on  an  n'^  substrate  and  capped  witb 
n*  GaAs  grown  at  600°C  (n-i-n).  Complete  IV  and  CV  measurements 
were  performed.  The  IV  characteristics  exhibit  ohmic,  trap-fill¬ 
ing  and  space-charge- 1 imited  regimes.  We  have  developed  a  model 
based  upon  the  compensation  of  background  shallow  acceptors  by 
deep  donor  traps,  large  concentrations  of  which  have  been  shown  to 
exist  in  LT  GaAs.  Computer  simulation  of  the  IV  curve  is  compared 
with  experimental  results.  The  "breakdown"  is  attributed  to  trap 
filling  under  electron  injection.  It  is  also  found  that  when  the 
voltage  across  the  structure  is  changed,  the  current  takes  sev¬ 
eral  seconds  to  reach  steady  state.  This  is  consistent  with  our 
model,  which  assumes  slow  trapping  and  detrapping  in  the  LT  GaAs. 
High  frequency  CV  measurements  show  the  capacitance  to  be  fairxy 
constant  for  voltages  below  "breakdown". 


INTRODUCTION 


The  epitaxial  growth  of  GaAs  on  a  GaAs  substrate  using  molec 
ular  beam  epitaxy  (MBE)  is  generally  conducted  at  substrate  tem¬ 
peratures  of  approximately  600°C.  It  has  recently  been  shown, 
however,  that  very  good  epitaxial  surface  morphology  can  be 
obtained  using  substrate  temperatures  below  300°C.  Slightly  con¬ 
ductive  in  its  "as-grown"  state,  this  low  temperature  (LT)  Ga.As 
has  been  found  to  become  highly  resistive  upon  annealing  at  tem¬ 
peratures  of  500- 600°C [ 1 1 .  One  very  promising  application  for  this 
material  lies  in  the  area  of  GaAs  IC  devices:  it  has  been  shown 
that  the  inclusion  of  an  (annealed)  LT  buffer  layer  between  the 
active  region  and  substrate  of  a  GaAs  MESFET  reduces  the  backgat 
ing  effect,  even  in  the  presence  of  light [2].  In  this  paper,  we 
report  experimental  electrical  characteristics  of  LT  GaAs  and 
computer  simulations  which  explain  the  observed  electrical  behav 
ior  of  the  samples. 
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EXPERIMENTAL 


The  test  structure  is  shown  in  Fig.l,  it  is  basically  an  n-i- 
n  structure,  where  i  denotes  the  LT  region.  AuGe/Ni/Au  is  used  for 
ohmic  contacts.  Wet  etching  through  the  LT  GaAs  layer  is  used  for 
isolation.  The  n'^  cap  layer  is  grown  at  600°C  for  30  minutes, 
simultaneously  annealing  the  LT  GaAs. 


FIGl'RE  1.  Experimental  test 
structure. 


Shown  in  Fig.  2  is  a  typical  i-v  curve  in  log-log  scale.  The 
dotted  line  represents  the  experimental  result.  The  curve,  which 
is  typical  of  si  GaAs,  exhibits  three  distinct  regions:  ohmic, 
t tap- f i 1 1 ing,  and  space-charge-limited.  The  result  is  thus  in 
agreement  with  other  experiments  which  indicate  a  large  density 
of  deep  traps  in  LT  GaAs[3].  The  results  of  the  simulation,  given 
by  the  solid  line,  will  be  discussed  in  the  next  section. 

IV 

I(Acm-2) 


FIGURE  2.  Experimental  i-v 
curve  and  simulation  results. 
Parameters  used  for 
simulation  are: 

Njj  =  2.5xl0'*cm‘^ 

V.  =  2.5xl0‘’cm-’ 
Ejj-Ec  =  -O.SOeV 
a,  =  1.0xl0''W 
=  2,0xl0''*cm^ 

B  ~  2.0x10  sec~* 
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In  the  same  experiment,  we  also  observed  a  slow  response  of 
the  current  to  a  voltage  change.  As  seen  in  Fig.  3,  when  a  step 
voltage  is  applied,  the  current  requires  several  seconds  to  sta¬ 
bilize.  Using  SRH  statistics  for  recombination  through  deep 
traps,  and  using  commonly  accepted  parameters (electron  capture 
cross  section  a,  =  deep  trap  level  = -0.80«V)  [  4  ]  ,  we 

obtain  the  electron  emission  rate  »,  =  o,Vyj/v^tx/)((£^^-£,)AT) -o.3iec"' ,  or 
the  time  scale  »3sec-  This  time  scale  is  in  agreement  with  the 
result  in  Fig.  3  (This  quantity  is  not  related  to  either  the 
dielectric  relaxation  time  or  the  RC  constant,  both  of  which  are 
much  shorter:  =  ep  -  lO-’«c  and  r,c  =  «C.  (prfM)  (M/d)  =  tp  = 

where  p-io’n«cm.  Note  that  the  speed  of  LT  GaAs  optical  switches  is 
not  limited  to  ,  because  under  high  optical  carrier  injection 

the  resistivity  p  is  much  smaller) .  To  assure  that  every  point  in 
the  i-v  curve  shown  in  Fig.  2  is  at  steady  state,  we  waited  about 
10  seconds  each  time  the  applied  voltage  was  stepped  up  or  down 
before  taking  the  current  measurement. 


V(Volt)  I  (pA) 


0  2J0s*c/div  titn* 


FIGURE  3.  Transient  due  to 
slow  trapping-detrapping 
process  in  LT  GaAs. 


C-V  measurements  were  also  performed.  The  curve  is  generally 
flat.  However  some  of  the  samples  exhibit  a  dip  at  low  voltage  as 
shown  in  Fig. 4.  The  significance  of  this  feature  is  not  yet  deter¬ 
mined. 
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SIMULATIONS 

In  an  effort  to  gain  insight  into  the  conduction  mechanism  in 
LT  GaAs,  we  have  performed  computer  simulations  of  its  current- 
voltage  (i-v)  character istics .  Three  nonlinear  equations  (poisson 
equation  and  continuity  equations  for  electrons  and  holes)  must 
be  solved  simultaneously  [  4 ] : 


=  -l(p-n-N+N*) 


where  is  the  density  of  shallow  acceptors,  and  Aj 
density  of  ionized  deep  donors. 


is  the 


(G  -  «) ,  where  (2l 

Ad)  A,, 

=  -c(C-R),  where  (3) 

Direct  recombination  and  SRH  recombination  are  ta)cen  into 
account.  The  rate  of  direct  recombination  is  given  by 

G  -  R  =  -B  (np- nj)  (4; 

SRH  statistics  are  used  to  model  recombination  through  deep 
trap  levels. 

~  en  +  e  +c„n  +  c  p^‘‘‘^ 


G-R  = 


where  c,  and  are  respectively  electron  and  hole  emission  rates; 
c,  and  Cp  are  respectively  electron  and  hole  capture  coefficients. 

The  finite  difference  method  is  used  to  solve  the  problem 
numerically.  Each  point  on  the  grid  is  associated  with  three 
unknowns,  <D,  <l>^  and  <^p,  which  are  the  electrostatic  potential, 
electron  Fermi  level  and  hole  Fermi  level  respectively.  The  dif¬ 
ferential  equations  are  first  discretized  into  difference  equa- 
tions[5].  Multidimensional  Newton-Raphson  iteration  is  then  used 
to  find  the  solution. 

The  simulation  result,  as  already  shown  in  Fig. 2,  fits  well 
with  experimental  result.  The  values  of  electron  and  hole  capture 
cross  sections  are  taken  from  EL2  traps  in  SI  GaAs [ 4 ] . 

Fig.  5  shows  the  band  diagrams  at  thermal  equilibrium  and  at 
an  applied  voltage  of  2  volts.  From  the  band  diagram,  the  distri¬ 
bution  of  empty (ionized)  deep  trap  density  and  the  inverse  of  free 
electron  density  under  various  biases  are  calculated,  as  shown  in 
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Fig.  6.  Curves  of  empty  deep  trap  density  and  of  the  inverse  of 
free  electron  density  have  the  same  shape,  so  they  are  shown  in 
the  figure  as  one  curve.  The  region  under  the  curves  in  Fig.  6  is 
highly  resistive,  because  there  are  few  free  electrons  there,  and 
deep  traps  are  not  completely  filled. 

When  the  applied  voltage  is  low,  this  region  is  wide  and 
highly  resistive,  and  conduction  is  ohmic.  When  the  bias  is 
increased,  more  electrons  are  injected  into  LT  GaAs  from  the  cath¬ 
ode,  filling  more  deep  traps  and  increasing  the  free  electron  den¬ 
sity.  Thus  the  highly  resistive  region  gradually  shifts  toward 
the  anode,  becoming  narrower  and  less  resistive,  which  can  be  seen 
in  Fig.  6.  A  dramatic  current  increase,  which  is  commonly  referred 
to  as  "breakdown",  occurs  when  this  region  is  about  to  disappear. 
Current  is  solely  limited  by  space  charge  when  this  resistive 
region  vanishes  completely;  this  regime  is  thus  called  space- 
charge-1 imited . 


0  5  I  1  5  2  2  5  no  .6  I  15  2  2  5 

distance(;im)  dtsUnerfum) 


FIGURE  5.  Rand  diagram  at  thermal  equilibrium  and  under  2vnlt  bias. 

Note  that  the  capacitance  shown  in  Fig.  4  is  equivalent  to 
that  of  a  parallel-plate  capacitor  with  a  separation  of  1.2nm,  and 
this  distance  is  roughly  the  width  of  the  highly  resistive  region 
shown  in  Fig.  6.  This  can  be  explained  by  the  fact  that  when  a 
small  AC  voltage  is  applied  to  the  n-i-n  structure,  the  modulation 
of  charges  occurs  mainly  at  the  edges  of  this  region. 

SUMMARY 

We  measured  the  electrical  properties  of  LT  GaAs  using  an  n-i-n 
structure.  The  i-v  curve  showed  three  distinct  regions.  We  also 
observed  slow  trapping-detrapping  of  electrons  with  a  time  scale 
of  1-10  seconds.  These  results  can  be  well  explained  by  a  model 
which  is  based  upon  the  compensation  of  shallow  acceptors  (- ui'u-m"’ ) 
by  deep  donor  electron  traps  (- lo'“cm~’)  .  We  believe  this  model  can 
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FIGURE  A.  Empty  deep 
trap  density  and  the 
inverse  of  free  electron 
density. 


further  be  used  in  simulations  of  electrical  device  structures 
which  incorporate  LT  GaAs. 
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Arbor,  Michigan  48109 

ABSTRACT 

The  effect  of  growth  conditions  on  the  properties  of  GaAs  grown  by  molecular  beam 
epitaxy  at  low  substrate  temperatures  has  been  studied.  It  has  been  found  that  the 
response  time  to  100  fsec  830nm  light  pulses  is  a  function  of  substrate  tempterature  and 
arsenic  flux.  The  reason  for  variation  of  optical  response  with  growth  conditions  is 
related  to  the  nature  of  the  incorporation  of  excess  arsenic.  A  recent  model  proposed 
by  Wanen  and  others  is  invoked  to  explain  the  change  in  optical  response  with 
growth  conditions.  Further  substantiation  of  this  model  comes  from  experiments  on  the 
annealing  of  low  substrate  temperature  GaAs  which  has  been  doped  with  silicon. 

INTRODUCTION 

The  applications  of  Low  substrate  Temperature  GaAs  (LT  GaAs)*  grown  by  molecular 
beam  epitaxy  (MBE)  exploit  its  prt^rties  of  high  resistivity^,  high  breakdown 
voltages^  and  fast  optical  response^.  Applications  for  materials  with  fast  optical 
response  include  the  generation  of  THz  frequency  signals  from  subpico.second  optical 
pulses.  The  maximum  frequencies  which  can  be  obtained  are  limited  by  recombination 
time  of  carriers  following  optical  excitation.  The  study  reported  here  has  two  purposes. 
First,  the  effect  of  growth  conditions  on  optical  response  has  been  examined  to 
determine  the  conditions  leading  to  the  fastest  optical  response.  Second,  this  data  has 
been  analyzed  to  learn  more  about  the  nature  of  the  recombination  process  and  the 
role  that  excess  arsenic  plays  in  this  process.  The  nature  of  excess  arsenic 
incorporation  following  annealing  is  studied  through  electrical  characterization. 

EXPERIMENTAL 

Excess  arsenic  incorporation  in  GaAs  grown  at  low  substrate  temperatures  (~2(X)°C)5 
is  an  unusual  phenomena  when  compared  to  the  properties  of  GaAs  grown  at  high 
temperatures  (above  ~300°C)  where  As  is  in  near  perfect  concentration  ratio  with  Ga. 

Optically  generated  carriers  recombine  at 
rates  orders  of  magnitude  faster  in  GaAs 
grown  at  low  temperatures^  than  for 
higher  temperature  grown  material.  A 
relationship  might  be  expected  to  exist 
between  excess  arsenic  concentration 
and  optical  response  times.  The 
experiments  reported  here  are  aimed  at 
understanding  this  relationship. 

Two  techniques  exist  for  adding  excess 
arsenic  to  GaAs.  As  noted  above, 
substrate  temperature  strongly  affects 
excess  arsenic  incorporation.  The 
magnitude  of  arsenic  flux  would  also  be 
expected  to  play  a  role  in  controlling 
arsenic  concentration.  These  two 
parameters  were  studied  using  the 
structure  shown  in  figure  1.  This  structure 
contains  a  LT  GaAs  layer  which  was 
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Figure  I  LT  GaAs  optical  test  structure 
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grown  under  different  substrate  temperatures  and  arsenic  overpressures.  The  LT  GaAs 
was  grown  on  a  superlattice  buffer  of  290A  Alo.45  Gao.SSAs  /  lOA  GaAs,  repeated  70 
times,  which  isolates  the  LT  GaAs  layer  from  substrate  defects  and  impurities,  and 
serves  as  an  optically  transparent  etch  stop  for  etching  observation  holes  from  the 
back  of  the  substrate.  The  motion  of  arsenic  precipitates  which  result  from  excess 
arsenic  in  the  LT  GaAs  layer  will  also  be  stopped  by  this  layer.  Thus,  the  properties  of 
the  region  being  examined  can  be  ascertained  without  the  possibility  of  unintentional 
modification  of  surrounding  layers  and  the  difficulties  in  analysis  of  signals  from 
multiple  regions  of  the  structure. 

Growth  and  anneal  of  the  LT  GaAs  was  observed  by  reflection  high  energy  electron 
diffraction  (RHEED).  All  low  temperature  GaAs  layers  exhibited  polycrystalline 
RHEED  reconstruction  patterns  at  the  end  of  their  growth.The  onset  of  the 
polycrystalline  pattern  was  a  function  of  substrate  temperature.  Lower  substrate 
temperatures  resulted  in  earlier  observation  of  the  change  in  pattern.  Annealing  the 
samples  at  580°C  returned  the  RHEED  pattern  to  single  crystal  reconstruction,  except 
for  the  sample  grown  at  180°C  which  remained  polycrystalline.  Samples  were 
analyzed  by  optical  transient  absorption  spectroscopy  at  the  band-edge  to  directly 
determine  carrier  dynamics. 

Femtosecond  continuum  pump-probe  spectroscopy  techniques  were  performed  using 
100  fsec  optical  pulses  10  nm  wide  centered  at  830iim.  for  excitation.  The  injected 
carrier  density  was  estimated  to  be  10*^  cm-^.The  probe  consisted  of  the  760-880 
portion  of  the  pump  continuum.  Differential  transmission  spectrum  (DTS)  were 
accumulated  on  an  optical  multichannel  analyzer  (OMA). 

Differential  transmission  spectrum  are  seen  in  figures  2a  and  2b  for  LT  GaAs  grown  at 
200°C  at  an  arsenic  beam  flux  pressure  of  8x10*^  T.  The  baselines  of  curves  for  each 
period  of  time  are  offset  for  clarity.  Initial  hole  burning  at  the  pump  wavelength  due  to 
preferential  state  filling  and  fast  relaxation  to  the  band  edge  is  seen.  Following  initial 
filling  of  the  bands  at  830nm,  carriers  relax  in  energy  down  to  860nm  (1.442  eV) 
within  3(X)  fsec.  The  .apparent  band  edge  1.44  eV,  is  blue  shifted  from  the  normal  GaAs 
band  edge.  The  cau.se  of  the  blue  shift not  known.  Strain  due  to  excess  arsenic 
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Figure  2a  DTS  spectrum  to  4()0  fs 
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Figure  2b  DTS  spectrum 
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causing  an  increase  in  lattice  constant 
would  be  expected  to  result  in  red  shift. 
Strain  from  the  AIGaAs  window  layer 
beneath  the  LT  GaAs  where  the 
substrate  has  been  removed  may  shift 
the  bandgap  and  cause  the  blue  shift. 

Observations  of  the  absorption  response 
at  a  single  wavelength  is  seen  in  figure 
3.  The  change  of  absorption  at  860nm  is 
shown  as  a  function  of  time.  There  are 
fast  and  slow  components  to  this 
response  which  can  be  analyzed  as  a 
sum  of  two  exponentials  -  each  with 
amplitude  as  well  as  time  constant.  For 
efficient  THz  generation,  the  fast  portion 
of  the  decay  would  be  desired  to  be  the  largest,  if  not  the  sole  component  amplitude. 

For  all  growth  conditions  studied,  the  amplitude  of  the  fastest  component  was  more 
than  5  times  larger  than  the  amplitude  of  the  slower  component.  The  decay  time 
constant  of  the  faster  component  is  plotted  as  a  function  of  substrate  temperature  in 
figure  4.  Decay  time  falls  with  substrate  temperature  until  the  substrate  temperature  is 
lowered  to  the  point  where  thick  GaAs  cannot  be  grown  before  the  onset  of 
polycrystalline  growth.  180°C  grown  GaAs  was  almost  entirely  polycrystalline. 

Growth  at  190°C  and  200°C  resulted  in  thin  polycrystallin'^  layers  at  the  surface. 

In  addition  to  fall  in  decay  times  with  substrate  temperature,  resistivity  and  arsenic 
concentration  are  known  to  increase.  As  will  be  discussed,  these  observations  are 
consistent  with  a  Schottky  barrier  Fermi  level  pinning  model.  The  excess  arsenic  might 
be  thought  to  contribute  to  an  increase  in  the  magnitude  of  the  mechanism  responsible 
for  faster  recombination  times.  A  series  of  growths  as  a  function  of  arsenic  pressure 
were  grown  at  200°C.  These  structures  are  also  dominated  by  the  amplitude  of  the  fast 
decay  component.  The  variation  of  decay  time  with  arsenic  pressure  is  seen  in  figure  5. 

Decay  time  falls  with  arsenic  pressure.  This  result  does  not  seem  to  be  consistent  with 
the  effects  of  lowering  substrate  temperature  where  arsenic  concentration  is  known  to 
increase.  Despite  the  likelihood  that  increased  arsenic  incorporation  results  from 
increa.sed  arsenic  flux,  the  fall  in  decay  times  seems  to  indicate  that  there  is  more  than 
simple  presence  of  arsenic  responsible  for  faster  recombination  times.  The  nature  of 
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Figure  10  Optical  DLTS  spectrum  for  LT  GaAs 


Deep  level  transient  spectroscopy 
(DLTS)  measurements  were 
performed  on  the  conducting 
samples.  A  boxcar  plot  from  the 
optical  excitation  DLTS 
measurement  of  one  sample 
grown  at  200°C,  8x10'^  T  As 
pressure,  and  annealed  at  8S0°C 
is  seen  in  figure  10.  The  sign  of 
the  measur^  DLTS  signal 
indicates  hole  trap  emissions. 
Analysis  of  boxcar  plots  with 
different  rate  windows  indicates 
the  characterization  of  common 
hole  traps  not  commonly  seen  in 
GaAs.  There  are  two  known 


DLTS  boxcar  spectrum  which 
resemble  this  spectrum  which  are 
not  the  result  of  a  number  of  discrete  deep  levels.  The  first  is  electron  trapping,  rather 
than  hole  emission,  in  AlGaAs  by  the  DX  center.  This  type  of  signature  has  also  been 
seen  in  polycrystalline  GaAs  grown  on  an  oxide  by  MBE. 


Annealing  reduces  the  magnitude  of  the  DLTS  signal  indicating  a  reduction  in  deep 
level  concentration  with  annealing.  None  of  the  samples  showed  evidence  of  electron 
traps  to  concentrations  greater  than  10*6  cm‘3  which  was  the  limit  due  to  the  presence 
of  hole  polarity  signals. Electrical  excitation  DLTS  measurements  were  also  performed 
to  look  specifically  for  electron  tfaps  in  these  n-type  samples.  There  were  no  electron 
traps  seen  down  to  the  10*5  cm‘3  detection  limit.  If  EL2  is  present  in  the  annealed 
material,  the  concentration  must  be  very  small. 


All  of  the  experiments  conducted  are  consistent  with  the  nature  of  arsenic  precipitates 
acting  as  buried  Schottky  bturiers  and  not  some  simple  form  of  deep  level..  The 
insulating  nature  of  silicon  doped  LT  GaAs  can  be  explained  by  arsenic  precipitates 
acting  as  spherical  Schottky  barriers  with  overlapping  depletion  regions'.  Arsenic 
precipitates  become  more  widely  dispersed  as  arsenic  dissolves  into  the  crystal.  For 
proper  spacing  and  doping  concentrations,  the  Schottky  depletion  regions  no  longer 
overlap.  The  relation  between  optical  response  and  arsenic  precipitates  can  be 
explained  by  recombination  at  precipitates. 


Assuming  a  geometry  of  40A  diameter  arsenic  precipitates  separated  by  2(X)A,  the 
furthest  separation  (greatest  distance  for  an  electron  to  travel  to  recombine  at  a 

precipitate),  is  Vs  x  2(X)A. 

Assuming  thermal  velocities: 


Vx  = 


k=Boltzman  const,  T  =  temperature,  m*=effective  mass 


=  1.04  X  10^7^  (electrons);  =  0.4  x  10^^  (holes) 


Electrons  first  recombine  at  arsenic  precipitates  (assuming  p  type  background 
conductivity)  taking; 
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excess  arsenic  in  the  crystal  due  to  higher  arsenic  flux 
seems  to  be  different. 


An  alternative  technique  to  alter  the  nature  of  excess 
arsenic  in  the  crystal  lattice  is  through  post  growth 
annealing.  Annealing  is  necessary  for  formation  of  arsenic 
precipitates  which  are  thought  to  be  responsible  for 
localized  Schottky  barriers.  The  properties  of  LT  GaAs 
annealed  at  different  temperatures  is  studied  using  the 
structures  seen  in  figure  6.  GaAs  with  varying  silicon 
doping  concentrations  is  grown  at  200°C  and  annealed  at  750°C,  850°C  and  950°C. 
A  summary  of  room  temperature  photoluminescence  (PL)  measurements  is  seen  in 
figure  7.  The  PL  intensity  is  a  function  of  doping  concentration  and  annealing 
temperature.  The  undoped  samples  do  not  show  significant  PL  for  the  annealing 
conditions  studied.  Free  carrier  densities  measured  by  Hall  measurements  for  doped 
samples  is  seen  in  figure  8.  The  Hall  mobilities  for  these  samples  are  seen  in  figure  9. 
Free  carrier  density  increases  with  annealing  temperature.  Mobility  also  increases  with 
anneal  temperature. 


580“C  too  A  1  X  10'**(cm-3) 
S80°C  too  A  undoped 

2m' C  .StKXlA  .Si  doped 

580°C  lOOOA  undoped 
GaAs  substrate 

Figure  6  Doped  LT  GaAs 


Both  observations  could  result  from  decrease  in  concentration  of  centers  responsible 


10l7  10^0 

Doping  density  (cm'^) 

Figure  7  PL  intensity  as  a  function  of  doping 
density  and  post  growth  anneal  temperature 


for  compensation  or  scattering  as  a  result 
of  annealing.The  buried  Schottky  barrier 
model,  however  is  also  consistant  with 
these  observations.  The  distribution  of 
arsenic  precipitates  could  be  altered  by 
annealing  to  distributions  predicted  by 
Warren  to  result  in  varying  magnitudes 
of  conductivity.  If,  on  the  other  hand,  the 
conductivity  was  being  compensated  by 
centers  which  were  removed  by 
annealing,  some  fraction  of  these  centers 
would  be  easily  measurable  by  DLTS. 


Hall  carrier 


density  (cm'^) 


10*7  iol8  iol9  io20 
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Figure  8  300°K  electron  density  vs 
incident  doping  as  a  function  of  anneal 
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Figure  9  300°K  Hall  mobility  vs 
incident  doping  as  a  function  of  anneal 
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An  electric  field  is  then  established  E  =  4^^^  which  causes  holes  to  migrate  to  arsenic 
lxlO'6  cm  X  V3 


inclusions  with  a  rate  of 


=  940  fsec. 


1 -85x106^ 
sec 

These  figures  approximate  actual  decay  time  constants  observed.  Small  changes  in 
precipitate  geometries  could  be  applied  to  bring  these  values  closer  to  those  observed. 
This  model  would  indicate  that  increased  arsenic  precipitate  concentrations  would  be 
needed  for  faster  recombination  times.  The  substrate  temperature  dependance  of 
recombination  time  would  support  this  dependance  of  decay  times  on  arsenic 
concentrations.  The  explanation  of  decay  time  variation  with  arsenic  pressure  is  not  so 
easily  explained.  Arsenic  precipitate  density  would  have  to  increase  with  decrease  in 
arsenic  pressure.  The  mechanism  for  such  tehavior  is  not  known. 


CONCLUSIONS 

LT  GaAs  has  recombination  times  which  are  a  function  of  growth  conditions.  A  simple 
model  of  recombination  at  arsenic  precipitates  acting  as  Schottky  barriers  is  consistant 
with  the  substrate  temperature  dependence  of  decay  times.  The  Schottky  barrier  model 
to  explain  arsenic  precipitates  is  further  supported  by  annealing  of  Si  doped  LT  GaAs 
subject  to  post  growth  annealing.  DLTS  measurements  fail  to  find  a  deep  level,  or 
levels  which  exist  following  rapid  thermal  annealing.  The  existance  of  significant 
concentrations  of  any  such  level  prior  to  annealing  seems  likely  to  be  small.  A  better 
understanding  of  the  nature  of  arsenic  precipitate  formation  is  needed  to  futher  test 
this  model,  and  to  optimize  the  growth  of  LT  GaAs  for  obtaining  the  fastest  switching 
performance. 
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ABSTRACT 

A  zero-bias  thermally  stimulated  current  (TSC)  spectroscopy  under  both 
optical  (1.96eV)  and  electrical  excitation  using  samples  with  a  Schottky  con¬ 
tact  on  the  top  was  applied  to  annealed  LTMBE  GaAs  grown  at  different  tempera¬ 
tures,  and  bulk  SI  GaAs  with  different  stoichiometries .  The  results  show 
that:  1)  the  new  TSC  technique  is  capable  of  revealing  the  traps  at  235K<T< 

380K  and  is  effective  in  indicating  the  crystal  stoichiometry  of  bulk  SI  CaAs ; 
2)  the  driving  force  for  Che  currents  under  a  zero-bias  comes  frcm  the  built- 
in  surface  field  as  well  as  a  thermal  gradient;  3)  the  trap  species  in  the  an¬ 
nealed  LTMBE  GaAs  samples  and  the  annealed  control  SI  GaAs  sample  are  similar, 
especially  for  T,(0.79eV),  T.(0.33eV),  T4(0.29eV),  and  T»(0.1beV);  and  4)  the 
trap  densities  in  LTMBE  samples  are  higher  Chan  those  in  the  control  samples 
and  are  dependent  on  the  MBE  growth  temperature. 


1.  INTRODUCTION  AND  EXPERIMENTAL  TECHNIQUE 

Molecular-beam-epitaxial  (MBE)  GaAs  is  normally  grown  at  temperatures  of 
580’’-600^C  and  at  these  temperatures  it  is  relatively  routine  to  attain  shal¬ 
low  donor  and  acceptor  concentrations  in  the  lO’^cra  ®  range  and  an  even  sm^'ller 
concentration  of  electron  and  hole  traps.  In  a  clean  MBE  system  using  proper 
growth  conditions  and  pure  arsenic,  essentially  trap  free  GaAs  can  be  grown 
[1],  Recently,  however.  Smith  et.al.  showed  that  MBE  GaAs  grown  at  200'’C  had 
much  different  properties  and  that  when  used  as  a  buffer  layer  could  remarkab¬ 
ly  improve  some  critical  characteristics  of  GaAs  MESFET  devices  [2].  The  out¬ 
standing  characteristic  of  low  temperature-grown  MBE  (LTMBE)  GaAs  is  a  large 
excess  of  As  (1-2%),  which  leads  to  a  deep  donor  (As^^,- related)  concentration 
of  more  than  10’'’cni  and  after  a  600®C  anneal.large  (  60A)  .  dense  (lO’^cm  ) 
precipitates  of  As,  accompanied  by  the  formation  of  a  high  resitivity  phase  of 
the  material  [3-5].  The  anneal  could  be  either  an  in-situ  anneal  in  the  MBE 
growth  chamber  or  a  furnace/rapid  thermal  anneal  in  an  extrinsic  apparatus.  To 
elucidate  the  mechanism  of  the  transition  from  the  conductive  phase  to  the 
high  resistive  phase  by  the  anneal,  more  information  about  the  deep  centers  in 
the  annealed  LTMBE  GaAs  material  is  needed. 

The  regular  thermally  stimulated  current  (TSC)  spectroscopy  has  proven  to 
be  very  useful  in  revealing  the  deep  centers  in  bulk  liquid  encapsulated 
Czochralski  (LEG)  semi- insulating  (SI)  GaAs  and  in  studying  the  metastable 
traps  associated  with  the  transition  from  the  normal  state  of  EL2  to  its  meta¬ 
stable  state  in  SI  GaAs  [6,7].  However,  the  large  dark  currents  in  the  an¬ 
nealed  LTMBE  GaAs  tend  to  mask  the  TSC  peaks,  especially  those  peaks  at  high 
temperatures,  although  several  deep  centers  in  the  material  were  observed  by 
means  of  subtraction  and  normalization  methods  (8).  In  this  paper,  we  use  a 
variation  of  the  TSC  technique,  i.e.  zero-bias  TSC  (ZBTSC)  using  samples  with 
a  Schottky  contact  on  the  top  and  a  surface  absorbed  light  (1.96eV),  and  apply 
it  to  annealed  LTMBE  GaAs  grown  at  different  temperatures  from  200  to  400“C.  A 
similar  technique  has  beeii  introduced  by  others  [9].  For  a  better  understand¬ 
ing  of  the  LTMBE  traps,  we  carry  out  measurements  on  the  original  substrate 
material  and  several  other  SI  GaAs  samples  with  different  stoichiometries. 

The  sample  structure  and  the  schematic  diagram  used  for  both  regular  TSC 
and  ZBTSC  measurements  are  shown  In  Flg.l.  A  sandwich  structure  (6x6  mm^  in 

Mat.  Res.  Soc.  Symp  Proc.  Vol.  241.  '  1992  Materials  Research  Society 
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Flg.l  Sample  structure  and  schematic  Fig. 2  Arrhenius  plots  of  Idark's  with 
diagram  for  various  TSC.  - iOV  &  OV  biases  for  samples. 

size)  with  a  small  thermally  evaporated  Au  or  In  Schottky  contact  (diameter  of 
0.7  or  1.2  ram)  on  the  top  and  silver  paste  on  the  back  was  used  to  study  ihe 
dark  current  (Idark),  the  photocurrenc  (Iph),  and  the  TSC  current.  The  above 
band-edge  excitation  light  of  1.96eV  wr.s  provided  from  a  l.SmU  He-Ne  laser.  I.i 
the  ZBTSC  measurements,  the  sample  was  rapidly  cooled  from  380K  down  to  SlK 
(within  9  min.)  with  a  bias,  which  could  be  varied  between  negative  and  posi¬ 
tive  values  by  changing  the  polarity  of  the  sample.  The  bias  was  supplied  from 
batteries  or  the  power  supply  in  a  DLTS  spectrometer .  After  the  sample  was  il¬ 
luminated  at  SlK  for  5  rain,  the  switch  SI  was  switched  to  the  right  tor  a  zero 
bias  and  the  thermal  scan  started  with  a  heating  rate  of  0.3K/s.  The  switch  S2 
was  set  to  keep  the  same  connection  between  the  sample  and  the  picoammeter  in 
the  ZBTSC  measurements;  i.e.  for  the  positive  bias  case  represented  by  solid 
lines.  S2  was  set  towards  the  right  and  for  the  negative  bias  case  represented 
by  dashed  lines,  towards  the  left.  It  should  be  pointed  out  here  that  the 
ZBTSC  with  a  bias  but  no  light  excitation  during  the  cooling  cycle, and  without 
light  excitation  at  SlK,  can  also  reveal  traps  at  T>235K,  which  is  referred  to 
as  "electrically-excited  ZBTSC"  to  differentiate  the  "optically  excited  ZBTSC" 
mentioned  above.  Both  a  digital  electrometer  (Keithly  616)  and  an  autoranging 
picoammeter  (Keithly  485)  were  used  at  various  times  In  the  biased  TSC  and 
ZBTSC  measurements,  but  the  ZBTSC  spectra  reported  in  this  ^aper  were  measured 
by  the  latter  instrument. 

The  four  LTMBE  GaAs  samples  used  in  this  study  were  grown  on  consecutive 
LEC  SI  GaAs  substrates  in  a  Varian  GEN  II  system  under  normal  As  stabilized 
conditions  using  As,.  The  growth  temperature  was  varied  from  200  to  400°C  and 
the  thickness  of  each  MBE  layer  was  2tm.  Post-growth  anneal  for  the  samples 
was  subsequently  performed  under  a  GaAs  proximity  waf3r  at  SSO^C  for  lOmin.  in 
a  flowing  inert  gas.  One  of  two  LEC  SI  GaAs  control  samples  was  annealed  in 
this  same  way.  Also  studied  were  three  LEC  SI  GaAs  samples  with  different  cry¬ 
stal  stoichiometries,  i.e.  As-rich.  Ga-rich,  and  more  Ga-rich.  Their  detailed 
properties  can  be  found  in  Refs.  6  &  8,  but  all  were  ingot-annealed  at  950*C. 


2.  RESULTS  AND  DISCUSSION 

The  Arrhenius  plots  of  ld«rk  under  a  negative  bia^*  (-lOV)  for  four  an¬ 
nealed  LTMBE  GaAs  and  two  control  LEC  SI  GaAs  sample.»  (with  In  Schottky  con¬ 
tacts),  and  under  a  zero  bias  (SI  towards  right)  tor  the  latter  two  samples  are 
shown  in  Fig. 2.  From  the  figure  it  can  be  seen  that:  1)  under  a  bias  of  -lOV, 
the  Idark's  at  T<200K  in  the  annealed  LTMBE  CaAs  are  about  three  orders  of 
magnitude  higher  than  the  Idark  in  the  annealed  control  SI  GaAs  and  the 
Idark's  at  T>300K  in  both  samples  are  dominated  by  an  activation  energy  of  ab¬ 
out  0.78eV;  2)  the  Idark's  in  annealed  LTMBE  GaAs  are  closely  related  to  the 
growth  temperature,  i.e.  for  higher  Tq,  Idark  is  lower  (note  that  Idark  for 
the  200°C  LTMBE  sample  was  obtained  after  the  sample  cleaved  during  the  rapid 
cooling  cycle);  3)  as  compared  to  the  nonannealed  control  sample  ^NCS).  the 
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Fig.  3  Comparison  of  traps  in  two  con-  Fig. 6  Spectra  of  ZBTSC(O)  for  three 
trol  SI  GaAs  samples.  LEC  SI  GaAs  samples. 


Fig. 4  &  5  Comparison  of  regular  TSC  and  ZBTSC  (E  &  0)  for  two  control  samples 


annealed  control  sample  (ACS)  shows  lower  Idark,  especially  in  the  temperature 
range  140K<T<250K.  which  suggests  defect  or  impurity  modifications  induced  by 
the  annealing;  and  4)  Idark  can  be  measured  under  a  zero  bias  for  the  control 
samples  and  annealed  LTMBE  samples  as  well  (not  shown  in  the  figure)with  near¬ 
ly  the  same  activation  energy  as  that  under  a  bias  of  -lOV.  This  last  fact 
suggests  a  small  (  ImV)  offset  voltage,  possibly  in  the  ammeter,  which  will 
produce  a  small  equilibrium  Id«rk  and  be  a  limiting  factor  in  the  ZBTSC. 

The  traps  in  the  two  control  samples  were  first  compared  by  the  regular 
(or  biased)  TSC  method,  as  shown  in  Fig. 3.  In  the  figure,  two  changes  caused 
by  the  anneal  can  be  found:  1)  an  increase  in  T4  and  T^,  and  a  decrease  in  T^ 
and  Tji  and  2)  the  appearance  of  new  TSC  peaks,  T^,  and  T,. .  Similar  changes, 
especially  the  increase  of  T<  and  Tg*  were  found  in  electron- irradiated  SI 
GaAs  using  samples  with  In  ohmic  contacts  and  1.46eV  light,  an  almost  pene¬ 
trating  light  at  T<90K  (lOj.  The  similarity  between  the  electron- irradiated 
and  the  annealed  SI  GaAs  is  helpful  in  understanding  the  role  of  annealing  in 
making  SI  GaAs  more  resistive,  as  will  be  discussed  later. 

Comparisons  ot  regular  TSC  and  ZBTSC  with  both  electrical  excitation  (E) 
and  optical  excitation  (0),  and  with  a  bias  of  +10V  during  the  cooling  cycle, 
are  shown  in  Figs.  4  &  5  respectively,  for  the  two  control  samples.  From  the 
two  figures  it  can  be  seen  that:  1)  in  comparison  with  the  regular  TSC  spectra, 
the  ZBTSC(O)  spectra  reveal  nearly  the  same  TSC  peaks  at  T<235K,  but  more  TSC 
peaks,  Tp  and  T*  (only  in  the  ACS)  at  T>235K;  2)  at  high  temperatures,  the 

ZBTSC(E)  spectra  reveal  nearly  the  same  TSC  peaks  (T^  and  T*)  as  the  ZBTSC(O) . 
but  with  larger  peak  heights  and  some  shift  in  the  peak  positions;  and  3)  a 
spike  structure  at  T  233K  appears  In  the  spectra  of  both  ZBTSC(E)  and  (0) ,  but 
does  not  appear  In  the  regular  TSC  spectra, perhaps  due  to  masking  by  the  large 
dark  currents.  Note  that  the  spectral  differences  between  two  control  samples 
are  not  only  present  at  low  temperatures,  but  also  at  high  temperatures,  i  e. 
the  negative  currents  and  the  appearance  of  T*  In  the  ACS  and  the  positive 
currents  and  the  absence  of  T*  in  the  NCS. 
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Fig. 7  Comparison  of  ZBTSC(O)  for  a  Fig. 8  Comparison  of  ZBTSC(O)  for  four 
LTHBE  and  NCS/ACS  samples.  LTMBE  GaAs  samples. 

The  defects  in  LEC  SI  CaAs  grown  under  different  melt  stoichiometries 
have  been  well  studied  by  the  regular  TSC  technique  using  samples  with  either 
ohmic  contacts  (6)  or  Schottky  contacts  (8).  It  is  found  that  the  relative 
peak  height  ratios  of  lyi, .  Tj/T,,  and  Tj/Te  are  strongly  dependent  on  the 
crystal  stoichiometry,  i.e.  the  stoichiometry  transition  from  Ga*rich  to 
As- rich  favors  the  occurrence  of  traps  T^,  T^,  and  T^.  The  ZBTSCCO)  spectra 
(with  a  bias  of  +10V  during  the  cooling  cycle)  on  the  same  samples,  with  Au 
Schottky  contacts,  as  shown  in  Fig. 6,  indicate  the  same  stoichiometric  depend¬ 
ence  as  determined  by  the  T^T, ,  Tj/Tg,  and  T^/Tg  ratios.  In  addition  to  T^ , 
the  spectra  at  high  temperatures  show  some  differences  in  the  signs  of  the 
currents,  i.e.  negative  currents  for  the  Ga-rich  sample,  positive  currents  for 
the  more  Ga-rich  sample,  and  a  change  in  the  current  sign  for  the  As-rich  sam¬ 
ple,  resulting  in  a  positive  peak  at  about  360K.  This  peak  occurs  at  a  temper¬ 
ature  near  that  expected  for  EL2.  An  interesting  observation  is  the  difference 
in  the  amplitudes  of  the  spike  features  at  235K,  i.e.,  the  strongest  spike  is 
in  the  Ga-rich  sample,  whereas  the  weakest  spike  is  in  the  As-rich  sample. 

We  next  apply  ZBTSC(O)  to  the  annealed  LTMBE  GaAs  samples  grown  at  tem¬ 
peratures  of  200,  250,  325,  and  ^00®C.  For  comparative  purposes,  the  spectrum 
of  ZBTSC(O)  for  the  250'’C  LTMBE  sample  is  shown  in  Fig.  7  together  with  those 
for  the  two  control  samples.  The  figure  shows  that  in  the  LTMBE  sample:  1)  at 
T<235K  almost  the  same  trap  species  as  those  found  in  the  two  control  samples 
can  be  observed,  i.e.  Tj,  Tg,  T,,  T^,  T^,  and  T^*  (T^  appears  in  the  325°C 
LTMBE  sample,  see  Fig. 8);  2)  at  T>235K,  in  addition  to  T*  (which  only  appears 
in  the  annealed  control  sample),  more  trap  species  can  be  found,  i.e.  T*.  Tg, 
Tc  Tq,  and  T, ;  and  3)  the  traps  have  much  higher  densities  than  those  in  the 
control  samples,  as  can  be  seen  by  normalizing  to  the  respective  Ip^’s  at  81K 
(5.6nA,  70nA,  and  550nA  for  the  250®C  LTMBE,  the  ACS,  and  the  NCS,  respective¬ 
ly).  Using  an  approximate  equation  Et“kT,lnT,V^.  where  Ex  is  the  trap  depth,  k 
Boltzmann's  constant,  T,  the  TSC  peak  temperature,  and  the  heating  rate  for 
the  thermal  scan,  the  T,'s  and  Ex's  for  the  traps  in  the  250®C  LTMBE  sample  are 
T,,(370K,0. 79eV)  ,  Tb( 340K . 0 . 72eV) .  Tc(286K.O.  59eV)  ,  Tp(268K.O.  53eV)  .  T,(296K, 

0A9eV).  T2(215K,O.A3eV)  ,  Tg(l93K.O.  37eV)  ,  T.(173K.O.  33eV) ,  T^C  158K  ,  0 . 29eV)  . 

T5(142K,0.26eV)  ,  Te(  113K .  0. 20eV)  ,  and  T«(95K,0.  l6eV) .  In  the  ACS  we  also  have 
Tc(88K,0. 15eV) .  The  spike  feature  at  235K  appears  in  the  LTMBE  sample  just  as 
in  two  control  samples,  and  seems  to  be  related  to  a  sudden  change  in  defect 
properties,  perhaps  driven  by  the  charge  transfer  during  emission.  Since  there 
is  no  change  in  the  spike  position  with  changing  heating  rate,  the  feature  is 
not  a  normal  TSC  peak. 

A  comparison  of  the  ZBTSC(O)  spectra  for  four  LTMBE  GaAs  samples  grown  at 
different  Tq,  but  annealed  under  the  same  conditions,  are  shown  in  Fig.  8.  and 
indicate  that;  1)  the  LTMBE  GaAs  samples  each  contain  nearly  the  same  trap 
species(T*  through  T^’*)  ;  and  2)  the  peak  heights  of  the  TSC  peaks  show  depend¬ 
ency  on  T<i,  i.e.,  the  lower  the  the  higher  the  trap  densities  (the  lower 
peak  heights  in  the  200®C  sample  than  in  the  250®C  sample  may  be  due  to  the 
low  r  Iph  at  81K  and  the  lower  carrier  lifetime  In  the  former  sample). 
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To  understand  the  driving  force  for  the  dark  current  and  TSC  under  a  zero 
bias,  the  spectra  of  ZBTSC(E)  and  ZBTSC(O)  for  a  bulk  LEG  SI  GaAs  sample 
(Ga-rich),  are  presented  in  Figs. 9a  &  9b,  respectively.  The  spectra  were  taken 
by  using  different  biases  from  -5V  to  lOV  during  the  cooling  cycle. The  figures 
show  that:  1)  the  spectral  structures  of  both  2BTSC(E)  and  ZBTSC(O)  are  varied 
by  changing  the  bias;  and  2)  the  variations  of  the  TSC  peaks  are  not  only  seen 
in  the  peak  heights,  but  also  in  the  peak  directions.  The  spectral  differences 
between  ZBTSC(E)  and  2BTSC(0)  include  the  following;!)  there  is  no  TSC  feature 
at  T<235K  for  ZBTSC(E) ;  and  2)  the  two  TSC  peaks  in  ZBTSC(E),  i.e.,  T„  (a  neg¬ 
ative  peak)  and  T,  (a  positive  peak),  are  much  larger  than  those  in  ZBTSC(O) 
(T,  appears  only  as  a  shoulder  due  to  the  appearance  of  T,  in  the  ZBTSC(O) 
spectra).  These  facts  must  be  considered  in  relationship  to  the  possible  dri¬ 
ving  mechanisms  for  the  zero-bias  current,  which  include  an  offset  voltage  in 
the  ammeter,  a  temperature  difference  between  the  contacts  j9],  or  a  non-equi¬ 
librium  Fermi  level  due  to  trap  filling  during  the  cool-down  phase.  An  offset 
voltage  would  produce  peaks  in  the  same  direction  for  both  electron  and  hole 
emission,  which  is  certainly  not  observed  In  Figs. 9a  &  9b.  A  temperature  dif¬ 
ferential  would  produce  opposite  peak  directions  for  electron  and  hole  emis¬ 
sion  [9],  respectively,  but  in  Fig. 9b  it  appears  that  some  of  the  peaks,  such 
as  Tj,  are  negative  for  some  cooling  conditions  and  positive  for  others.  To 
explain  this  effect  it  may  be  necessary  to  invoke  Che  third  mechanism,  namely, 
a  different  non-equilibrium  Fermi  level  dependent  on  cooling  conditions.  In  a 
dark  SI  GaAs  crystal,  surface  band  bending  should  be  small,  because  the  Fermi 
level  is  near  mid-gap  in  the  bulk,  and  is  usually  thought  to  be  pinned  near 
mid-gap  at  the  surface,  also  (111-  The  surface  potential,  however,  can  easily 
be  modified  by  carrier  injection  and  subsequent  trapping  at  surface  states, and 
the  resulting  non-equilibrium  surface  field  will  persist  at  low  temperatures 
since  the  carriers  cannot  be  re-emitted.  Since  the  equilibrium  band  bending  is 
small  to  begin  with,  as  explained  earlier,  a  relatively  small  change  in  the 
surface  o'^'^cential  could  actually  change  the  direction  of  the  surface  field. 
The  bias  polarity  and  presence  or  absence  of  light  during  cooling  would  be 
important  here,  because  the  relative  numbers  of  injected  electrons  and  holes 
would  determine  the  final  surface  potential.  Since  the  surface  traps  are  deep 
the  non-equilibrium  surface  field  would  persist  as  the  sample  warmed  up.  per¬ 
haps  even  to  400K.  We  believe  this  mechanism  could  explain  many  of  the  unusual 
features  of  our  ZBTSC  spectra.  For  example,  in  Fig. 9a  we  would  suggest  that  a 
negative  bias  (without  light)  would  inject  electrons,  filling  some  deep  elec¬ 
tron  traps  at  the  surface  as  well  as  a  shallower  bulk  trap  T,.  which  emits  at 
254K.  A  positive  bias,  on  the  other  hand,  would  inject  holes,  filling  deep 
hole  traps  on  the  surface  and  thus  changing  the  surface  field  direction,  and 
also  filling  a  bulk  hole  trap  T^,  (at  268K)  as  well  as  possibly  another  hole 
trap  emitting  near  380K.  The  ZBTSC  spectra  may  well  be  influenced  by  a  temper¬ 
ature  differential  also,  but  we  believe  that  this  mechanism  alone  is  not  suf¬ 
ficient  to  explain  all  of  the  data. 

As  to  the  nature  of  the  TSC  traps  in  LTMBE  GaAs  none  have  been  positive- 


Fig.9a  &  9b  Spetra  of  ZBTSC  (E  &  0)  for  a  bulk  sample  (bias  from  - 5V  to  lOV) . 
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ly  identified  at  this  time  but  some  of  the  trends  arc  interesting.  First  of 

all,  the  samples  grown  at  the  lower  temperatures,  200  &  250®C.  appear  to  have 
a  much  richer  trap  spectrum  than  those  grown  at  325  &  400®C.  This  fact  agrees 
with  the  known  greater  As  richness  of  the  200  &  250®C  samples. and  much  greater 
concentrations.  Secondly,  many  of  the  same  traps  appear  in  LTMBE  GaAs  as 
are  found  in  SI  GaAs  and  electron* irradiated  (El)  GaAs.  For  example,  the  traps 
T^(0.29eV)  and  T,(0.33eV)  are  close  in  energy  to  the  El  defect  E3('0.29eV)  which 
is  known  to  be  an  As-sublattice  defect.  Also,  Tg(0.20  eV)  ,  Tg^(0.16  eV)  ,  and 

Tc(0.15  eV)  are  close  to  the  El  defect  E2(0. 15eV) .which  is  known  to  be  related 
to  .  Finally,  the  most  highly  concentrated  defect  T*(0.79eV)  has  an  energy 
close  to  the  DLTS  value  for  EL2(0.82eV)  which  is  known  to  be  related  to  As^^,  . 
Since  high  concentrations  have  been  found  in  LTMBE  GaAs  by  other  tech¬ 

niques,  it  is  tempting  to  associate  T*  with  As^;,  also.  Although  further  stud¬ 
ies,  perhaps  to  higher  TSC  temperatures,  will  have  to  be  carried  out  before  T^ 
can  be  completely  charaett  d,  still  it  should  be  noted  that  this  center  can 
not  be  observed  at  all  with  regular  TSC  so  chat  the  ZBTSC  is  necessary. 

In  summary,  the  defects  in  the  bulk  SI  GaAs  (with  different  crystal  stoi¬ 
chiometries  and  with/without  annealing)  and  the  annealed  LTMBE  GaAs  have  been 
studied  by  a  zero-bias  TSC  technique  In  both  electrical  and  optical  excitation 
modes.  The  main  results  are:  1)  by  eliminating  the  masking  effect  of  the  in¬ 
creasing  at  high  temperatures,  the  ZBTSC(O)  technique  can  reveal  TSC 

peaks  in  the  range  of  81K<T<380K  and  a  peculiar  spike  feature  at  235K:  2)  the 
effectiveness  of  the  technique  for  distinguishing  crystal  stoichiometry  has 
been  confirmed  by  using  three  bulk  SI  GaAs  samples  with  different  stoichiome¬ 
tries;  3)  the  driving  force  in  the  TSC  current  measurements  under  zero-bias 
comes  from  a  non-equilibrium  surface  field  as  well  as  possibly  from  thermal 
gradient;  U)  almost  all  the  traps  in  the  control  SI  GaAs  samples  can  be  found 
in  the  annealed  LTMBE  GaAs,  but  with  higher  trap  densities  in  the  latter;  5) 
the  trap  densities  in  annealed  LTMBE  GaAs  are  closely  dependent  on  initial 
growth  temperature. 
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ABSTRACT 

We  have  developed  a  simpler  and  more  reliable  method  of  ihermixtlectric  effect  spectros¬ 
copy  (TEES)  by  eliminating  the  second  heater  in  the  technique.  We  have  applied  this  method 
to  the  deep  level  studies  m  semi-insulating(SI)  GaAs  epitaxial  layers  grown  at  a  low  tempera¬ 
ture  by  molecular  beam  epitaxy  (LT-GaAs)  and  Sl-undoped  GaAs.  Cr-doped  GaAs.  We  have 
found  that  the  electrical  contacts  on  front  and  back  surfaces  of  the  sample  are  more  reliable  for 
the  TEES  measurement  than  both  contacts  made  on  the  same  surface.  In  this  contact  anange- 
ment.  the  temperature  difference  of  about  I-2K  between  the  back  and  front  suifaces  was 
enough  to  produce  a  clear  and  reliable  TEES  data,  without  the  need  for  a  second  heater.  The 
results  obtained  by  TEES  are  consistent  with  the  results  obtained  by  photo-induced  current 
transient  spectroscopy  (PICTS)  and  by  thermally  stimulated  current  (TSC)  measurements.  The 
TEES  results  clearly  distinguish  between  the  electron  traps  and  the  hole  traps.  We  will  discuss 
the  results  on  the  various  semi-insulating  GaAs  samples  and  the  advantages  and  limitations  of 
the  TEES  technique. 

I.  INTRODUCTION 

There  exist  several  spectroscopic  techniques  for  studying  deep  levels  in  semi-insulating 
(SI)  III-V  semiconductors.  Theimally  stimulated  current  (TSC)'"  has  a  relatively  small  tem¬ 
perature  range  due  to  its  large  dark  cunent  when  temperature  is  increased  beyond  a  cenain 
value  (typically  250K),  Photoinduced  current  transient  spectroscopy  (PICTS)'^*  is  effective 
in  deleimini,  3  the  trap  energy  levels  and  the  capture  cross  sections.  1110x0  techniques,  how¬ 
ever.  do  not  give  a  clear  distinction  between  tne  electron  and  hole  traps.  Although  it  was 
claimed  that  under  certiain  conditions,  the  type  of  a  given  trap  could  be  detenu  ined  by  PICTS 
and/or  TSC  data,  there  was  always  some  ambiguity  and  not  all  traps  could  be  determined. 
Thermoelectric  effect  spectroscopy  (TEES)  was  recently  developed  by  Santic  and 
Desnica'^'.  They  added  a  second  heater  on  the  sample  to  create  temperature  gradient  without 
any  external  applied  bias.  The  thermal  gradient  induced  enough  electrical  cuixent  with  its 
sign  corresponding  to  the  type  of  dominant  free  carriers,  and  allowing  the  deteimination  of 
the  trap  types. 


II.  IMPROVED  METHOD  OF  THERMOELECTRIC  EFFECT  SPECTROSf.'OPY 

The  TEES  anangement  is  shown  in  Fig.Ua).  We  have  found  that  a  simple  electrical 
connechon  between  the  front  and  back  surfaces  of  the  semi-insulating  sample  allowed  the 
flow  of  thermoelectric  cunent  on  the  order  of  several  picoamperes  due  to  the  temperature  dif¬ 
ference  between  the  two  surfaces  on  the  order  of  IK.  as  shown  in  Fig.  1(b)  for  a  500(1  m-thick 
undoped  SI-GaAs  wafer.  With  this  arrangement  we  could  eliminate  the  need  for  a  second 
heater  and  the  possibility  of  an  accidental  reversal  of  temperature  gradient  that  could  ixtcur 
when  two  heaters  are  used  to  create  a  small  temperature  difference  in  the  sample.  However. 
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when  the  sample  was  mounted  with  its  edge  on  the  sample  mount,  the  tempei  ature  diffeiente 
reversed  its  sign  at  about  120K,  as  Fig.l(c)  shows.  Therefore,  the  fiat  sample  mount  config¬ 
uration  was  used.  With  our  500|im  thick  samples,  the  temperature  difference  between  the 
front  and  back  electrodes  was  measured  to  be  1.5K  at  250K.  Tlie  sample  was  first  cooled 
down  to  the  lowest  temperature  (I6K)  and  then  illuminated  for  a  sufficient  time  (>10min.) 
Excitation  light  was  provided  by  He-Ne  laser  (6.0mW),  The  contacts  were  made  by  solder¬ 
ing  indium  onto  the  sample  without  annealing.  The  TP'ES  current  was  measured  with  Kei- 
thley  Model  617  electrometer.  The  thermal  scan  was  made  at  an  average  heating  rate  of  about 
O  .^.'iK/s  from  60K  to  420K.  Below  60K.  no  cunent  peaks  were  found 


Tf  (K) 


Pig.  1 .  Schematic  of  (a)  the  experimental  setup  and  the  temperature  difference  in  the  sample 
mounted  (b)  on  its  surface  and  (c)  on  its  edge.  Note  the  crossover  of  T1  and  T2  in  (c).  w  hich 
could  lead  to  a  false  identification  of  the  tiap  type. 

The  temperature  difference  of  about  IK  (Ref.4)can  be  neglected  in  calculating  the  acti¬ 
vation  energy  from  the  peak  temperature  positions.  We  may  consider  this  as  a  thermally  stim¬ 
ulated  cunent  with  zero  bias.  For  a  single  trap,  the  activation  energy  E,.  can  be  obtained  from 
Bubet^',  or  roughly  from: 


E,  =  kT,xr'„/P) . (I) 

where  T,,,  and  p  are  the  peak  temperature  and  the  rate  of  temperature  increase,  repectivciy. 
k  IS  Boltzman  constant.  For  T,„>100K  and  a  small  capture  cross  section  o(<10  ’'’  cm‘).  the 
enor  is  less  than  O.O.'ieV. 


111.  TEES  ANALYSIS  ON  EPITAXIAL  GaAs  AND  SEMI-INSULATING  WAFERS 
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Figure  2(a)  shows  typical  TEES  spectra  for  the  undoped  Sl-GaAs.  The  measurement 
ciicuit  was  connected  in  such  a  way  that  above  the  dark  current,  the  peaks  are  hole  traps,  and 
the  peaks  below  are  electron  traps  (some  exceptions  will  be  discussed  later).  We  Have 
observed  at  least  four  hole  traps  and  six  election  traps  in  this  undoped  SI-GaAs  sample.  The 


Fig. 2.  Measured  (a)  TEES,  (b)  TSC.  and  (C)  PICTS  signal  vs  temperature  in  the  undoped  Sl- 
GaAs. 

TSC  and  PICTS  spectra  of  the  sample  are  shown  in  Fig.2(b)  and  2(c),  and  are  consistent  with 
the  TEES  data.  More  traps  were  obseived  by  TEES  due  to  its  higher  energy  resolution  than 
PICTS  and  TSC,  and  its  capability  to  reach  a  higher  temperature  than  TSC.  The  small  dark 
current  in  TEES  makes  possible  a  higher  temperature  range  scan  than  in  the  TSC.  This  is 
advantageous  for  studying  deeper  levels,  like  EL2.  All  observed  traps  and  their  possible 
identities  are  summanzcd  in  Table  I. 

Figure  3  shows  the  TFIF-S  spectra  for  the  semi-insulating  IT-GaAs  cpilayer,  the 
undoped  and  Cr-doped  SI-OaAs  wafers.  F'or  comparison,  we  discuss  the  traps  in  the  other  two 
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samples  in  reference  to  the  undoped  sample.  The  up  and  down  arrows  indicate  traps  that  are 
common  with  the  undoped  sample.  The  hole  trap  T3  and  the  electron  traps  T4  and  T5  are 
common  in  all  three  samples.  Fang  el  al.  identified  T4  as  a  hole  trap,  contray  to  our  results, 
and  were  unable  to  identify  the  type  of  T5,  which  is  clearly  an  electron  trap  here.  The  electron 
trap  T2  and  the  hole  trap  TIO  are  observed  in  both  the  undoped  SI-Ga.'Xs  materials  and  the 
LT-GaAs  epilayei  s,  but  not  in  the  Cr-doped  SI-GaAs  materials.  The  electi  on  traps  T7,T8,  and 
T9  are  commonly  observed  in  the  Cr-doped  and  undoped  Sl-GaAs  bulk  wafer,  but  not  in  the 
LT-GaAs  epilayei.  Also,  there  are  some  traps  that  are  observed  only  in  one  sample:  the  hole 
trap  Tl(0.82eV)  in  the  undoped  Sl-GaAs  wafer;  the  hole  trap  CI(0.5.SeV)  and  electron  traps 
C.SfO.SOeV),  C9(0. 16eV)  only  in  the  Cr-doped  Sl-GaAs  wafer;  and  the  electron  traps 
LTl(0,70eV),  LT6  (0.29eV)  and  the  hole  traps  LT6'(0.28cV).  LT7-(0.2.SeV).  and 


TABLE  I  Parameter  of  traps  observed  by  TEES.  TSC.  and  PITS  in 
undoped  S!-GaAS. 


Label 

TSC 

(eV) 

PITS 

(eV) 

TEES 

(eV) 

Type 

Identity 

Reference 

T1 

0  82 

H 

HLIO 

6 

T2 

0.57 

0.57 

E 

EL3 

7 

T.t 

0,47 

0.46 

H 

Cu 

8 

T4 

0.44 

0,44 

0.42 

E 

OorC 

8 

T5 

0,37 

0,37 

0.38 

E 

EL6 

9 

T6 

0.30 

H 

? 

T7 

0.28 

0.29 

0.28 

E 

1 

8 

T8 

0.26 

0.25 

E 

To. 

10 

T9 

0,21 

0.21 

020 

E 

COMPLEX 

8 

TIO 

0.13 

0  12 

H 

1 

10 

Fig..3.  Measured  TEES  spectra  for  different  samples,  (a)  LT-GaAs,  (b)  undoped  Sl-Ga.\s.  and 
(c)  Cr-doped  GaAs. 

LT7(0.20eV)  only  in  the  LT-GaAs  epilayer  materials.  The  deep  trap  levels  in  the  low-temper¬ 
ature  GaAs  epitaxial  material  are  discussed  in  detail  in  our  separate  paper^**^.  When  the  cap- 
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lure  cross  seclion  is  large  (>lO''‘’cm^),  the  activation  energy  estimated  from  Ex).(l)  can  be 
off  the  true  value  by  as  much  as  0.  leV.  The  hole  trap  Cl  is  the  case  for  which  TEES  and 
Eq.(l)  give  E|=0.55eV  while  the  PICTS  give  E,=0.66eV  and  0=1x10*'’’  cm^.  Ttie  electron 
h  ap  C5  IS  vei'y  close  to  l,T6  which  is  speculated  to  be  V13^*  ' ' We  are  unware  of  the  litera¬ 
ture  sourse  for  the  possible  identity  of  C9. 

Eigure  4  shows  the  illumination  time  dependence  of  the  TEES  signal  for  the  LT-GaAs 
sample.  For  most  traps,  the  peak  intensity  clearly  increases  with  the  increasing  illumination 
time.  When  a  trap  peak  falls  near  the  background  level  (i.e.,  zero  current  here)  and  is  influ¬ 
enced  by  a  nearby  strong  peak  of  opposite  type,  we  could  identify  its  type  more  clearly  by 
change  the  illumination  time,  as  demonstrated  for  LT3  in  Fig.4.  The  illumination  time  depen¬ 
dence  IS  not  without  problem,  as  seen  for  LT6.  With  increasing  the  illumination  time.  LT6 
progresses  like  a  hole  trap.  However,  a  more  careful  study  of  this  peak  in  various  LT-GaAs 
samples  made  us  identify  this  peak  as  an  electron  trap  (see  Ref8  for  details).  The  progression 


Fig.4.  Illumination  time  dependence  of  TEE.S  signal  for  LT-GaAs. 

of  LT(i  with  illumination  appears  to  be  dominated  by  the  nearby  hole  traps  1.16'  and  LIT' 
rather  than  by  its  own  type.  This  aspect  has  to  be  considered  carefully  in  determining  the 
types  of  very  small  peaks. 

The  TEES  current  is  in  the  order  of  picoamperes  as  we  showed  above,  it  could  be 
affected  by  some  other  factors.  Two  major  factors  are.  foi  example,  the  off-set  of  the  Keithley 
617  electrometer  and  the  built-in  surface  field  due  to  the  two  contacts.  However,  an  off-set 
of  about  0.  l-0.3mV  can  provide  the  current  in  only  one  direction  (either  positive  or  nega¬ 
tive).  It  can  be  treated  as  a  dark  current.  In  order  to  see  the  influence  of  the  built-in  surface 
field,  we  mounted  the  sample  on  its  edge  as  shown  in  Fig.  1(c),  and  made  the  contacts  at  the 
same  height  from  the  holder  on  two  surfaces  so  that  there  was  no  temperature  difference 
between  two  contacts.  Other  measurement  conditions  were  kept  the  same.  The  results 
showed  that  the  current  was  very  small,  and  also  the  polarity  of  the  cunent  was  disappeared, 
indicating  that  the  influence  from  surface  field  is  small  compared  with  the  TEES  cunent. 
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IV.  SUMMARY 

In  summary,  an  improved  theimoelectric  el'feci  spectroscopy  technique  has  been  pre¬ 
sented  with  improved  results  on  the  LT-GaAs  epitaxial  materials.  In  comparison,  we  have 
discussed  the  results  in  undoped  SI-GaAs  and  Cr-doped  SI-GaAs  wafers.  At  least  four  hole 
traps  and  six  electron  traps  were  found  in  undoped  SI-GaAs.  The  illumination  time  depen¬ 
dence  of  the  TEES  spectra  is  useful  for  a  more  clear  identification  of  some  small  peaks.  This 
TEES  method  is  useful  for  deep  level  studies  in  other  semi-insulating  III-V  materials  due  to 
Its  high  sensitivity  and  reliable  and  a  larger  temperature  range  of  measurement. 
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ABSTRACT 

The  native  defects  in  LTMBE  lll-V  layers  have  been  studied  by  the  electron  paramagnetic 
resonance  (EPR)  technique  for  fhree  different  systems:  GaAs  on  GaAs.  GaAs  on  Si  and  InP  on  InP. 
The  GaAs  layers  are  characterised  by  high  concentrations  of  ionized  arsenic  antisite  defects!  10'®  cm  '3 
),  with  properties  similar  to  those  of  the  native  AsQa  ih  amorphous  GaAs.  Their  variation  with  the  growth 
temperature,  layer  thickness  and  thermal  annealings  has  been  assessed  The  results  are  independant 
on  the  nature  of  the  substrate,  GaAs  or  Si.  Inspite  of  a  1%  phosphorous  excess  no  phosphorous 
antisites  could  be  detected  in  the  as-grown,  undoped  or  Be  doped  InP  layers. 


1.  INTRODttCTinN: 

Semi-insulating  undoped  GaAs  layers  grown  by  the  low  temperature  molecular  beam  epitaxy  on 
GaAs  substrates  have  been  shown  to  have  interesting  technological  applications,  ranging  from  buffer 
layers  in  GaAs  based  MESFET.MODFET  and  HEMT  structures  to  the  application  in  ultratast  detectors 
due  to  small  minority  carrier  lifetimes  [1J.  The  eleclical(2,3I  and  optical  14,5Iproper1ies  of  these  layers  are 
quite  distinct  from  those  obtained  by  "classical"  high  temperature  MBE  layers  grown  in  the  600°C 
temperature  range  Whereas  these  layers  are  characterised  by  low  native  defect  concentrations  {= 
10^^  cm'3),  the  LTMBE  layers  contain  native  defects  in  the  10'^  cm’3  concentration  range.  Among 
them  only  an  arsenic  antisite  related  delect  has  been  identified  (6,7],  as  in  the  case  of  meitgrown  GaAs, 
where  the  semi-insulating  properties  are  equally  related  to  an  arsenic  antisite  related  defect.  EL2|8]. 

LTMBE  GaAs  layers  with  these  particular  properties  can  only  been  grown  in  a  limited 
temperature  range  at  200'’C,  as  for  lower  temperatures  polycrystalline  or  amorphous  layers  are  formed 
and  for  higher  temperatures  the  defect  concentraztion  diminuishes  rapidly.  The  as-grown  layers  are 
highly  instable  to  thermal  annealing  and  in  fact  due  to  their  low  electrical  resistivity  would  not  be  of 
interest  in  the  above  cited  applications.  It  is  only  in  the  annealed  slate,  which  is  often  implicitly  obtained 
by  active  layer  overgrowth  in  the  600°C  lemporalure  range,  that  the  layers  are  of  high  electrical 
resistivity  (>10®  cm) 

For  an  optimisation  of  growth  conditions  and  post  growth  treatments  of  these  layers  an  analysis 
of  the  native  point  defects  is  of  interest.  Thus  we  have  undertaken  an  electron  spin  resonance  (tr^R) 
study  of  the  defects  in  LTMBE  GaAs  layers  grown  on  GaAs  substrates  as  a  function  of  growth 
temperature  .sample  thickness  as  well  as  furnace  annealing  We  have  further  extended  these  studies  to 
LTMBE  layers  grown  on  silicon  substrates,  where  their  usefulness  lor  the  fabrication  of  high  power  field 
effect  transitors  has  been  demonstrated  recently  [9] 

The  intrinsic  origin  of  the  native  defects  indicates  a  possible  extension  of  the  LTMBE  growth 
technique  to  other  lll-V  compounds.  In  particular  the  InP  system  suffers  from  the  inavailability  of  highly 
Mat.  Res.  Soc.  Symp.  Proc.  Vol.  241.  '  1992  Materials  Research  Society 


resistive  .thermally  stable,  epitaxial  layers  and  thus  is  a  good  candidate  for  such  a  study.  We  report  first 
EPR  results  on  LTMBE  InP  layers  grown  by  gas  source  MBE  at  200°C 
2.  EXPERIMENTAL 

The  defects  in  three  types  of  layers  .  GaAs  on  GaAs,  GaAs  on  Si  and  InP  on  InP.  have  been 
analysed  by  electron  paramagnetic  resonance  We  used  an  X-band  EPR  spectrometer  allowing  in  situ 
optical  excitation  in  the  0.8  to  2.5pm  spectral  range  and  sample  temperatures  between  4K  and  20K 
Some  of  the  samples  have  equally  been  analyzed  by  optical  absorption  spectroscopy  Typical  sample 
dimensions  are  4x8  mm^  .  Care  has  been  taken  to  seperale  the  detects  in  the  thin  epitaxial  layer  trom 
those  in  the  =500pm  thick  substrate,  which  in  the  case  of  the  study  of  arsenic  antisile  detects  in  GaAs 
on  GaAs  samples  can  easily  give  rise  to  confusion. 

The  GaAs  layers  were  grown  in  a  Varian  360  system  under  normal.  As-  stabilized  conditions,  at  a 
growth  rate  of  0.8pm  per  hour  on  semi-insulating  GaAs  substrates.  The  substrate  temperature  was 
varied  between  200  and  300°C  and  layers  with  thicknesses  between  2  and  15  pm  were  grown.  The 
5pm  thick  GaAs  layers  on  Si  were  grown  under  similar  conditions  at  200°C  The  samples  were  furnace 
annealed  for  15  min  in  flowing  argon  under  face  to  face  protection  ,  at  successive  temperatures  of 
300.400  and  500‘'C. 

The  InP  layers  were  grown  by  Gas  Source  MBE  with  a  phosphine  precursor  at  a  temperature  of 
200°C  under  phosphorous  rich  conditions  on  semi-insulating  Fe  doped  substrates;  more  details  can  be 
found  elsewhere  [10)  Typical  layer  thickness  is  2  to  10pm.  Both  undoped  and  Be  doped  layers  have 
been  studied.  A  secondary  ion  mass  spectroscopy  analysis  showed  these  layers  to  be  heavily 
contaminated  with  H  in  the  as  grown  state. 


3.  RESULTS 

3.1  GaAs  on  GaAs 

Figure  1A  shows  a  typical  thermal  equilibrium  EPR  spectrum  of  a  5pm  thick  layer  grown  at  200'’C. 


Fig.l :  EPR  spectrum  of  GaAs/GaAs  (A),GaAs/Si  (B) 
and  simulated  spectrum  (C).(A=866x10  '*  cm  ') 


ENERGY  teV) 


Rg.2:Photoexcitation  Spectrum  ol  the 
AsGa  delect 


It  consists  of  an  isotropic  four  line  spectnxn  .  already  previously  attributed  to  an  arsenic  antisite  detect 
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[6.7, 11, 12].  The  spectrum  is  characterised  by  its  g-lactor  and  its  hyperfine  coupling  constant  A.which 

are  derived  with  the  Breit-Rabi  formula: 

g=2.04+0.01  A=  (866+10)x  lO"^  cm'^ 

The  hyperline  coupling  constant  is  significantly  different  from  the  one  of  the  EL2  related  antisite  defect, 
whose  value  is  (890+ 10)x10'^  cm'^  [13):  its  value  changes  with  the  thermal  annealing  as  we  will  see 
below.  Optical  absorption  on  these  layers  show  a  strong  absorption  band  in  the  I  .OSeV  to  1.35eV 
range  with  absorption  coefficients  of  =10^  cm"',  which  in  analogy  to  the  intracenler  transition  of  the 
neutral  EL2  defect  have  been  attributed  to  the  neutral  AsQa*^  delect.  Assuming  similar  oscillator 
strengths  lor  the  two  defects,  an  AsQa®  concentration  of  =10'^cm'3  has  been  deduced  from  this 
absorption  coefficient[4,5]. 

By  comparison  with  a  spin  standard  sample  we  determined  the  ionised  AsQa'*' “fCSTitration; 
values  between  2  and  9x10'®  cm'3  are  found  for  Ih"  as-  grown  (200°C)  samples 
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Low  temperature  photoexcitation  with  below  bandgap  light  leads  to  a  metastable  change  in  the 
AsGa^  concentration  In  all  samples  only  an  optically  induced  increase  in  the  Asca*  concentration  is 
observed  with  no  indication  of  EL2  like  photoquenching.  Its  spectral  dependance,  determined  by  the 
saturation  values  for  each  photon  energy,  is  given  in  fig.2.  The  onset  of  E=  0.6eV  is  shifted  by  ^.2eV 
to  lower  energies  as  compared  to  the  corresponding  photoionisation  spectrum  of  EL2..  The 
simultaenous  increase  of  the  AsQa'*’  and  decrease  of  the  concentration  demonstrate.that  the 

effect  of  excitation  is  a  transfer  of  electrons  from  the  neutral  AsGa*^  centers  to  other  non  identilied 
electron  traps  and  not  photoquenching  of  the  AsQa  delect,  as  might  have  been  deduced  from  the 
optical  absorption  results  alone. 

Figure  3  shows  the  dependance  of  the  equilibrium  AsQa'*^  concentration  on  the  grew**' 
temperature  for  two  seiies  of  5pm  thick  layers,  one  undoped  ([]),  the  other  (  $  )  Si  doped.  We  see.  that  a 
change  from  2(X)°C  to  250°C  leads  already  to  a  reduction  in  AsQa'*'  by  a  factor  of  =3  and  a  change  to 
3(X)”C  to  a  further  reduction  by  a  factor  of  =10. 
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It  has  bean  shown  previously,  that  under  the  growth  conditions  used  here  for  thicknesses 
above  a  critical  thichness  of  3pm  pyramidal  detects  containing  polycrystalline  cores  are  termed  [14]  and 
it  has  been  speculated,  that  the  ASGa  delects  are  related  to  these  extended  detects.  In  this  context 
we  have  studied  three  layers  ot  a,3,4  pm  thickness  (lig.4]  and  determined  their  respective  AsGa^ 
concentrations:  we  lind  5.0,  6.3  and  5.5  xtO^®  cm‘3  ,  thus  a  thickness  independant  concentration. 
However  dillerent  gru .  1h  conditions  at  a  tixed  temperature  (200'’C  )  and  layer  thickness  can  lead  to  a 
variation  ol  AsQa'*'  by  a  factor  ot  3  (tig.4) 
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Previous  results  have  shown  a  thermal  instability  ol  the  ScO'C  grown  layers  in  the  300  to  500“C 
temperature  range  [2,4.6.11],  .vhich  must  be  related  to  the  generation  or  annealing  ol  the  native 
defects.  In  optical  absorption  measurements  [4]  a  decrease  in  the  neutral  AsQa*^  conconiration  from 
3x''o19  cm‘3  to  3x10'®cm‘3  has  been  found  alter  annealing  at  500°C  We  have  measured  in  different 
san ,  les  the  corresponding  change  in  the  ionised  AsQa'*^  concentration  in  order  to  clarirify.whether  the 
total  arsenic  ar.iisite  anroals  out  at  this  low  temperature  or  whether  the  annealing  leads  just  to  an 
increase  in  the  compensation  ratio  The  results  tor  a  2pm  thick  sample,  given  in  fig  5  (0) .  confirm,  that 
the  AsGa  defect  is  already  unstable  at  300°C. 

The  thermal  annealing  does  egually  change  the  hyperline  inleraclion  constant  ol  the  AsQa'*' 
defect  Alter  a  AOCC  annealing  the  A  value  ol  the  remaining  Asca  changes  from  866x10‘‘’  cm'^  to 
890x1c''*  cm'*  i  analyzing  the  difference  spectra  -  300°C  -  400°C  -  we  lind,  that  the  AsQa'^  defect, 
which  anneals  out  at  AGO’C  has  even  a  still  smaller  value  of  A=  833x10'“*  cm  '*  The  total  EPR  spectoim 
before  ti.e  anneal  can  ue  simulated  by  the  superposition  ol  those  ol  two  distinct  Asgg  defects  with  A- 
values  of  833  and  890x1 0'‘*cm'’  and  comparable  concentrations  ,  but  different  thermal  stability,  which 
give  rise  to  an  effective  A  vaiue  ot  866x10'^  cm’’  (fig  6).  Further  annealing  studies  and  simulations  are 
under  way  to  confirm  this  point. 


3  2  GaAs  on  Ri 
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The  LTMBE  GaAs  layers  deposited  on  intr.nsic  Si  substrates  showed  in  all  aspects  identical 
defect  behaviour  as  those  deposited  on  the  GaAs  substrates;  once  again  the  AsQa  defect  is  the 
dominant  native  defect,  with  the  same  EPR  parameters  g.A  inspite  of  the  important  lattice  mismatch 
(tig  1B)  .  the  ionized  AsGa'*'  concentration  of  6x10^®  cm‘3  is  also  typical  tor  5pm  thick  layers  grown  on 
GaAs  substrates  The  annealing  ot  AsQa'*  proceeds  equally  in  the  300  to  500°C  temperature  range  with 
final  concentrations  ot  some  10'^  cm‘3  (tig  5)  The  difference  spectra  of  the  300/400°C  and  400- 
500°C  annealing  steps  can  again  be  interpreted  by  (lig.6)  the  presence  of  two  different  AsGa  defects. 

3  3  InP  on  InP  :  Fe 

The  successful  growth  of  monocristalline  LTMBE  InP  layers  at  temperatures  of  200“C  has 
recently  been  demonstrated  (10]  These  layers  are  characterized  by  phosphporous  excess  of  =1%. 
increased  lattice  constants  as  compared  to  bulk  grown  InP  but  also  by  high  hydrogen  contamination 
due  to  the  phosphine  precursor.  Both  undoped  and  Be  doped  (  attempted  doping  concentration  of 
=10^®  cm'®  )  non  annealed  layers  have  been  studied. 

The  EPR  analysis  of  these  layers  is  complicated  by  the  strong  Fe®'*^  background  signal  coming 
from  the  InP  substrate  No  paramagnetic  delect  could  be  detected  in  these  layers,  neither  at  thermal 
equilibrium  nor  under  photoexcilation  The  coupling  of  the  EPR  cawly  Indicates,  that  even  at  4K  the 
undoped  and  Be  doped  InP  layers  are  still  of  low  resistivity  and  thus  the  Fermilevel  pinned  by  the 
shallow  donors  Under  such  conditions  the  phosphorous  antisite  is  neutral  and  diamagnetic  Its  EPR 
observation  Is  only  expected  after  electrical  activation  of  the  Be  dopants,  the  conditions  tor  which  are 
still  studied 
4  DISCUSSION 

Our  EPR  results  on  the  LTMBE  GaAs  layers  demonstrate  in  agreement  with  previous  results, 
that  arsenic  antisite  related  delects  arc  the  dominant  native  defects  in  these  layers  with  concentrations 
up  tp  10^®  cm'®  These  aniisite  delects  are  different  from  EL2.  as  deduced  from  the  smaller  hyperline 
interaction  constant,  the  energy  shift  of  the  onset  of  the  photoionization  spectrum  ot  AsGa®  ■  'It® 
absence  of  photoquenching  as  well  as  the  lower  thermal  stability  Our  calculations  based  on  (16|  show, 
that  the  change  in  the  hypertine  interaction  constant  is  not  due  to  the  difference  in  the  lattice 
parameters  of  LTMBE  and  bulk  grown  GaAs  The  results  are  given  in  figure  7.  a  change  in  the  lattice 
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parameters  by  0.1%  is  expected  to  change  the  A  value  by  only  5x10'^  cm  '  Thus  Ihe  lower  A  value 
has  to  be  attributed  to  a  change  in  the  delect  configuration  and  thus  the  defect  to  a  different  Asca 
complex  AsGa  defects  with  different  A  values  have  been  observed  before:  they  occur  as  native 
defects  in  Czochralski  and  Bridgman  grown  GaAs.  amorphous  MBE  grown  GaAs  and  can  be  formed  by 
electron  irradiation.  Their  respective  hyperfine  interaction  constants,  which  are  fingerprints  for  specific 
defecf  configurations,  are  given  in  table  1  we  see,  that  AsGa  delects  with  the  same  A  value  and  at 
comparable  concentrations  have  been  detected  as  native  defects  in  amorphous  MBE  grown  GaAs[16) 
:  they  can  also  be  formed  by  electron  irradiaion  in  n-type  GaAs|1 7].  This  could  be  an  indication  for  initial 
mixed  amorphous/  crystalline  phases  in  the  growth  process,  which  indeed  been  observed  before  in 
MBE  growth  of  GaAs  at  200°C  and  found  to  depend  strongly  on  the  III  to  V  flux  ratio  [18] 
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Optically  Detected  Magnetic  Resonance  of  Arsenic  Antisites  in  GaAs  MBE  Layers 
Grown  at  Low  Temperatures 
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and  W.  H.  Chang' 

'Electronics  Technology  and  Devices  Laboratory,  Fort  Monmouth,  NJ  07703 
-Sherman  Fairchild  Laboratory,  Lehigh  University,  Bethlehem,  PA  18015 


ABSTRACT 

Observation  of  Arsenic  antisites  (As^,^)  in  GaAs  layers  grown  by  molecular  beam 
epitaxy  (MBE)  at  low  substrate  temperatures  (~  200°C)  is  reported,  using  electron 
paramagnetic  resonance  (EPR),  magnetic  circular  dichroism  in  absorption  (MCDA),  and 
MCDA  tagged  by  optically  detected  magnetic  resonance  (MCDA-ODMR).  This  experi¬ 
ment  confirms  that  there  is  a  MCD  absorption  band  directly  associated  with  As^j^  in  the 
GaAs  layers.  The  As^^  concentration  in  the  GaAs  layers  is  found  to  decrease  by  about 
one  order  of  magnitude  after  annealing  at  600°  C  for  two  minutes. 


INTRODUCTION 

Thin  epitaxial  GaAs  layers  grown  by  molecular  beam  epitaxy  (MBE)  at  unusually 
low  temperatures  (LT)  between  200  -  3(X)°C,  as  opposed  to  the  regular  growth  tempera¬ 
tures  of  550  -  600°C  for  GaAs,  are  of  current  interest  in  view  of  their  technological 
importance  as  insulating  buffer  layers  in  GaAs  devices  and  integrated  circuits,'’^ as  well 
as  many  unusual  physical  properties  such  as  the  recently-reported  superconductivity,* 
Despite  the  low  growth  temperatures,  LT  GaAs  layers  remain  crystalline  up  to  a  limited 
epitaxial  thickness.*  A  high  concentration  of  compensating  deep-level  defects  is  intro¬ 
duced  during  growth,  being  responsible  for  the  desirable  high  resistivity  of  the  material. 
Using  electron  paramagnetic  resonance  (EPR),  the  dominating  point  defects  of  the 
material  have  been  identified  as  arsenic  antisites  (A.Sj.^,  an  arsenic  atom  occupies  a  galli¬ 
um  site)  with  concentration  as  high  as  ~  lO'^crn  ’in  as-grown  layers.*  In  this  paper,  we 
would  like  to  report  the  first  direct  optical  detection  of  A.Sj.^in  such  layers  using  magnetic 
circular  dichroism  in  absorption  (MCDA)  and  MCDA  tagged  by  optically  detected 
magnetic  resonance  (MCDA-ODMR)°. 

MCDA-ODMR  is  a  well-established  technique  to  probe  chemical  signatures  of 
ASf.jin  GaAs  bulk  materials,  such  as  the  well-known  EL2  center.*  Not  only  is  the 
sensitivity  of  the  technique  often  higher  than  that  of  conventional  EPR,  but  also  it  links 
the  EPR  signature  of  a  paramagnetic  defect  under  investigation  with  the  MCD  of  an 
absorption  band  associated  with  that  defect. 


EXPERIMENTAL  CONDITIONS 

The  measurements  were  done  on  3-/jm  MBE-grown  LT  GaAs  single  layer  on 
( UK))  semi-insulating  GaAs  substrates.  The  layer  was  grown  around  200  °C  in  the  MBE 
machine  of  US  Army  ETD  Laboratory,  and  it  was  not  annealed  above  the  growth  tem¬ 
perature  in  the  machine.  For  a  preliminary  annealing  study,  a  standard  rapid  thermal 
annealer  was  used  to  anneal  samples  at  600°C  for  30  seconds  or  120  seconds.  The  as- 
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grown  layer  quality  was  reasonable,  as  shown  in  Fig.  1  by  double-crystal  x-ray  diffraction 
of  the  LT  GaAs  layer  and  the  substrate.  The  peak  for  the  LT  GaAs  layer  is  fairly  narrow, 
even  though  it  is  not  as  narrow  as  that  for  the  .substrate,  indicating  that  the  layer  is 
predominantly  crystalline  with  some  degree  of  imperfection,  such  as  dislocations;  howev¬ 
er,  the  possibility  has  not  been  ruled  out  that  there  could  be  a  thin  amorphous  layer  on 
top  of  the  epitaxial  due  to  a  limited  epitaxial  thickness.'*  From  the  x-ray  data,  the  lattice 
mismatch  is  estimated  to  be  about  0.07%. 


Angle  (deg.) 

Fig.  1.  Double-crystal  x-ray  diffraction  from  the  (400)  planes  of  as-grown  LT  (JaAs  on  a  SI  CiaAs  substrate. 

To  obtain  reasonable  signal  to  noise  ratios,  a  stack  of  four  4x20  mm^  single-lay¬ 
ered  pieces  (320  mm^of  totrl  layer  area)  was  used  for  EPR  characterization,  and  a  single 
1x2  mm^  piece  (2  mm^of  total  layer  area)  for  the  MCDA  and  MCDA-ODMR  measure¬ 
ments.  For  all  practical  purposes,  there  were  no  observable  EPR  and  MCDA-ODMR 
signals  from  the  substrate  material,  which  is  highly  desirable  for  this  study.  A  Bruker 
ESP3(X)  X-band  EPR  spectrometer  was  employed  for  EPR  mea.suremenis.  The  MCDA 
and  MCDA-ODMR  experiments  were  performed  at  pumped-liquid-He  temperatures  (T 
~  1.5K)  in  an  optical  cryo.stai  with  a  3-Te.sla  .superconducting  magnet,  at  Sherman  Fair- 
child  Laboratory  of  Lehigh  University.  A  sample  was  mounted,  with  magnetic  field  paral¬ 
lel  to  the  [100]  direction  of  the  sample,  in  a  O-band  (-  35  GHz)  TE,|,,  microwave  cavity 
with  abundant  optical  access.  The  light  source  was  a  600-W  tungsten  halogen  lamp 
dispersed  by  a  quarter-meter  monochromaUtr.  Alienating  right  and  left  circularly  polar¬ 
ized  components  of  the  light  were  generated  by  an  infrared  linear  polarizer  in  conjunc¬ 
tion  with  a  quartz  stress  mtidulator  operating  at  50.3  kHz.  The  transmitted  light  propa¬ 
gating  along  the  static  magnetic  field  direction  was  monitored  by  a  fast-response  Ge 
detector,  the  difference  between  the  right  and  left  components  being  obtained  by  lock-in 
detection  at  50.3kHz.  The  MCDA  intensity  is  given  by  the  ratio  of  the  lock-in  detected 
("'  tl  to  the  total  transmitted  right  and  left  components.  For  the  MCDA-ODMR  exper- 


77 


iment  one  measures  changes  in  MCDA  induced  by  EPR  transitions  of  a  paramagnetic 
state  of  a  defect  center.  The  details  of  the  MCDA  and  MCDA-ODMR  apparatus  are 
described  elsewhere.* 


RESULTS  AND  DISCUSSIONS 

The  presence  of  As^^  defects  in  the  as-grown  LT  layer  was  demonstrated  by  EPR, 
which  is  shown  in  Fig.  2.  The  concentration  of  As^^is  estimated  to  be  in  the  order  of 
lO'^cm'*  which  is  consistent  '.vith  the  previously-reported  value.*  An  exact  spin  Hamilto¬ 
nian  analysis  shows  that  the  EPR  spectrum  can  be  reasonably  matched,  but  not  exactly, 
using  the  g-value,  g  =  2.04(1),  and  a  hyperfine  constant,  A  =  2665(30)  MHz  for  the  EL2 
center.*  The  EPR  signal  completely  disappeared  after  the  layer  was  removed  from  the 
substrate,  establishing  that  the  EPR  signal  originated  entirely  from  the  LT  layer. 


Fig.  2.  X-band  EPR  .spectrum  of  as-grown  LT  (JaA.s  on  SI  (JaAs  substrate  at  T  =  10  K,  with  magnetic  Held 
parallel  to  [100). 


The  MCDA  spectrum  of  the  as-grown  LT  GaAs  sample  is  shown  in  Fig.  3  (a);  the 
MCDA  signal  became  too  weak  to  measure  at  higher  photon  energy  because  of  much 
stronger  absorption.  In  the  detected  energy  range,  the  MCDA  spectrum  appears  to  be 
similar  to  that  of  the  EL2  center.’*  The  corresponding  MCDA-ODMR  spectrum  is 
shown  in  Fig.  4  (a)  when  the  MCDA  photon  energy  of  0.93eV  (A  -  1330  nm)  was  selected. 
Tlie  MCDA-ODMR  spectrum  is  corrected  for  the  magnetic  field  dependence  of  MCDA. 
Clearly,  a  strong  signal  due  to  A.S(.^  is  observed.  The  four  arsenic  hyperfine  lines  are  only 
partially  resolved  because  of  broad  line  width,  most  likely  reflecting  the  fact  that  some 
part  of  the  LT  film  is  not  strictly  crystalline,  i.e.,  there  is  a  distribution  of  different  A.s,.^ 
defects  due  to  disorder  in  that  part  of  the  layer.  It  was  impossible  to  match  exactly  the 
four  resonance  positions  using  the  exact  .spin  Hamiltonian  analysis  for  A.s,_^.  Nonethele.ss, 
this  observation  identifies  that  the  MCDA  band  is  directly  a.ssociated  with  As,,^. 
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Fig.  3.  MCDA  spectra  of  as-grown  LT  GaAs  on  a  SI  GaAs  substrate:  (a)  LT  layer,  (b)  after  etch  (<  1m  m 
LT  layer  remaining),  and  (c)  after  mechanical  polish  to  completely  remove  the  LT  layer. 


Magnetic  Field  (T) 

Fig.  4.  0-band  MCDA-ODMR  spectra  of  as-grown  LT  GaAs  on  a  SI  GaAs  substrate  at  T  =  1.5K,  with 
magnetic  Held  parallel  to  [100}:  (a)  3m  m  LT  layer,  (b)  after  etch  (<  iMm  LT  layer  remaining),  and  (c)  after 
mechanical  polish  to  completely  remove  the  LT  layer. 
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After  etching  the  LT  layer,  due  to  an  accidental  non-uniform  etch,  there  was  less 
than  1/1  m  LT  GaAs  layer  remaining  on  the  substrate.  Tfte  corresponding  MCDA  spec¬ 
trum,  which  is  shown  in  Fig.  3  (b),  is  still  about  the  same  as  that  before  etch,  even  though 
its  intensity  is  weaker  than  before,  as  expected.  The  MCDA-ODMR  spectrum  of  the 
remaining  layer  is  shown  in  Fig.  4  (b),  which  is,  however,  quite  different  from  that  before 
etch.  Clearly,  the  intensity  is  less  than  one  third  of  that  before  etch.  Most  dramatically, 
the  four-line  hyperfine  structure  is  completely  resolved  and  spectroscopically  different 
from  before.  The  four  resonance  positions  can  now  be  fit  to  an  arsenic  antisite  spin 
Hamiltonian  almost  exactly,  yielding  the  g-value,  g=2.037(l),  and  the  hyperfine  constant, 
A  =  2691(2)  MHz.  This  observation  strongly  suggests  that  there  is  only  one  kind  of  As^j, 
in  the  remaining  LT  film  which  is  most  likely  crystalline.'*  The  remaining  film  was  com¬ 
pletely  removed  by  mechanical  polishing,  and  then  the  MCDA-ODMR  signal  vanished, 
as  shown  in  Fig.  4  (c),  suggesting  that  the  substrate  material  has  no  contribution  to  the 
MCDA-ODMR  of  As^^.  The  corresponding  MCDA  spectrum  of  the  substrate  without 
any  LT  layer  is  shown  in  Fig.  3  (c).  Collectively,  our  observations  support  the  notion  that 
there  is  only  one  kind  of  As^^  in  epitaxial  LT  GaAs  layers,  and  there  is  a  distribution  of 
different  As^.^  defects  in  the  poor  epitaxial  region. 

One  of  the  important  questions  about  these  arsenic  antisites  is  whether  they  are 
associated  with  the  much-studied  EL2  center  or  not.  In  order  to  answer  this  question, 
high-resolution  optically  detected  electron-nuclear  double  resonance  (ODENDOR)’"  was 
attempted  on  these  antisites  in  the  LT  GaAs  layers,  crystalline  or  crystalline/amorphous 
mixture.  Unfortunately,  no  ODENDOR  signal  has  been  observed  in  our  samples.  The 
search  still  continues.  In  a  previously-reported  study,  Kaminska  et  al,"  have  demonstrat¬ 
ed  that  the  ASj.,^  center  in  LT  GaAs  is  partially  optically  quenchable,  as  observed  for  the 
EL2  center.  However,  the  spectral  response  of  quenching  efficiency  differs  substantially 
from  that  of  EL2. 

In  an  earlier  EPR  study,’  Kaminska  et  al.  have  shown  that  EPR  was  not  sensitive 
enough  to  observe  ASf.,^  in  LT  (200°C)  GaAs  layers  annealed  at  600°C;  therefore,  the 
anti.site  concentration  after  annealing  could  not  be  obtained.  Annealing  LT  GaAs  at  600 
°C  after  growth  is  an  important  processing  step  to  improve  the  electrical  properties  of  LT 
GaAs  for  application  in  device  structures.  From  our  preliminary  annealing  study,  shown 
in  Fig  5,  we  found  that  MCDA-ODMR  of  As^j^  is  still  detectable  in  our  samples  annealed 
at  600°C  for  two  minutes.  From  the  intensity  changes  in  MCDA  the  As^,^  concentration 
is  estimated  to  has  decreased  by  about  one  order  of  magnitude  upon  annealing  at  600  °C 
for  two  minutes.  A  complete  annealing  study  is  under  way. 


Fig.  5.  Fractional  intcn.sily  of  MCDA 

(A -1330  nm)  and  MCDA- 
ODMR  of  As,,  in  LT  GaAs  an- 

via 

ncalcd  at  tiOO'^C  as  a  function  of  anneal¬ 
ing  time. 
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CONCLUSIONS 

In  summary,  we  have  observed  MCDA  and  MCDA-ODMR  of  As^.^  in  as-grown 
LT  GaAs  layers.  We  have  demonstrated  that  the  MCDA-ODMR  technique  is  very 
suitable  to  study  LT  GaAs  thin  layers.  A  single  As^^  center  is  found  in  good  epitaxial  LT 
thin  layers.  A  distribution  of  different  As<3„  centers  has  been  observed  in  low-quality  LT 
layers.  Perhaps  most  importantly,  we  have  demonstrated  that  there  is  an  EL2-like 
MCDA  band  directly  associated  with  As^„  in  LT  GaAs.  Since  MCDA  is  closely  related 
to  absorption,  the  strong  infrared  absorption  band  from  0.8  to  1 .4  eV  of  LT  GaAs  origi¬ 
nates,  at  least  in  part,  from  As^^.  The  AS(.,„  concentration  in  these  layers  dropped  by  one 
order  of  magnitude  after  annealing  at  600“C  for  two  minutes. 

The  MCDA  and  MCDA-ODMR  work  was  done  at  Sherman  Fairchild  Laboratory 
of  Lehigh  University,  which  is  supported  by  the  National  Science  Foundation,  Grant  No. 
DMR-89-02572. 
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ABSTRACT 

We  report  a  cathodoluminescence  (CL)  and  photoluminescence  (PL)  study  of 
molecular  beam  epitaxy  grown  GaAs  at  low  substrate  temperatures  (LT  GaAs),  and 
semi-insulating  LEC  GaAs.  The  as  grown  LT  GaAs  material  shows  intense  deep  level 
emissions  which  can  be  associated  with  an  excess  concentration  of  Arsenic.  These 
emissions  subside  with  annealing  for  a  few  minutes  at  temperatures  above  450  "  C. 
CL  measurements  clearly  show  an  extremelly  reduced  concentration  of  traps  in  the 
post-growth  600  °  C  annealed  material.  These  results  account  for  a  diminished  role  of 
electronic  point  defects  in  controlling  the  insulative  behavior  of  LT  GaAs  and 
strongly  support  the  "buried"  Schottky  barrier  model. 

INTRODUCTION 

Recently,  a  new  kind  of  GaAs,  named  low  temperature  (LT)  GaAs,’  was  shown  to 
have  extremely  high  resistivity,  high  crystalline  quality,  and  high  carrier  mobility. 
All  these  properties  make  LT  GaAs  an  excellent  material  for  device  applications.--' 
The  origin  of  the  insulative  behavior  in  LT  GaAs  is  still  a  subject  of  controversy.'"’ 
Two  dissimilar  mechanisms  of  insulation  have  been  proposed.  One  model  assumes 
dopant  compensation  by  point  defects  in  the  semiconductor,^-^  and  it  is  similar  to  the 
model  proposed  for  explaining  insulation  in  semi-insulating  (SI)  melt-grown  GaAs.  A 
second  model  suggests  that  As  precipitates  act  as  buried  Schottky  interfaces  whose 
overlapping  depletion  regions  render  the  material  semi-insulating.* 

A  brief  summary  of  the  properties  of  LT  GaAs  follows.  During  MBE  growth  of 
GaAs  at  low  substrate  temperatures,  in  the  range  200-250  “  C,  large  amounts  of 
Arsenic  are  incorporated  within  the  epilayer.^  This  excess  As,  of  the  order  of  1-2%  or 
mid  102”  cm',-  was  shown  to  be  mostly  in  the  form  of  As,-.,  antisite  defects.'-^’  X-ray 
rocking  curves  indicate  a  lattice  expansion  of  the  LT  GaAs  of  about  0.  1  This 
expansion  may  be  caused  by  the  excess  As  arranged  as  interstitials,  and  was  shown 
to  scale  with  the  amount  of  excess  As.'-^  These  epilayers  are  conductive,  and  the 
temperature  dependence  of  the  conductivity  follows  the  1/4"'  power  law 
characteristic  of  hopping  conduction.'-’  Raising  the  substrate  temperature  to  normal 
growth  temperatures,  typically  600  “C,  results  in  the  excess  arsenic  forming  clusters, 
called  As  precipitates,*-'"-'’  and  in  a  decrease  of  the  lattice  constant  to  values  closer  to 
the  characteristic  value  of  GaAs.'-'  Transmission  elec!  on  microscopy  (TEM)  studies 
of  LT  GaAs  grown  at  250  “  C  and  annealed  at  600  ”  C  indicate  a  density  of  As 
precipitates  of  the  order  of  10''  cm  ',  with  an  average  diameter  in  the  range  3  -  10  nm 
and  average  spacing  of  about  20  nm. *-'"-" 
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Here  we  report  an  optical  emission  study  of  the  kinetics  of  formation  of  Arsenic 
precipitates  and  associated  deep  level  defects  in  LT  MBE  GaAs.  We  also  carried  out 
measurements  on  semi-insulating  (SI)  LEC  GaAs.  Our  measurements  clearly  indicate 
a  dramatically  reduced  concentration  of  traps  in  the  post-growth  annealed  LT  GaAs. 
These  results  account  for  a  diminished  role  of  electronic  point  defects  in  controlling 
the  insulative  behavior  of  LT  GaAs  and  strongly  support  the  "buried "  Schottky 
barrier  model.*  which  involves  ultra  fast  recombination  of  carriers  at  surfaces  of 
embedded  Arsenic  clusters  formed  during  the  annealing  processing  of  the  LT  GaAs. 

EXPERIMENTAL  PROCEDURES 


The  films  used  in  this  work  were  grown  in 
Varian  GEN  II  MBE  systems  on  two  inch  diameter 
substrates.  A  detail  explanation  of  the  growth 
procedures  apjaears  elsewhere.’’  Several 
sptecimens,  which  mostly  differ  in  post-growth 
processing,  were  grown:  standard  MBE  CaAs 
grown  at  600  °  C,  and  LT  MBE  GaAs  grown  at  250 
®C,  with  and  without  post-growth  annealing  at  600 
°  C  under  As  overpressure.  Figure  1  shows  a 
typical  cross-section  of  the  specimens  multiple  layer 
structure  used  in  this  work.  Following  MBE 
growth  the  specimens  surfaces  were  "capped"  in 
situ  with  several  hundred  angstroms  of  As  as 
protection  against  ambient  contamination. These 
caps  are  thermally  desorbed  in  UHV  to  provide 
clean  ordered  GaAs  surfaces,  as  determined  by 
LEED  and  Auger  sf)ectrc)scopy  measurements.”” 
Experiments  were  also  pierformed  on  SI  melt  grown 
GaAs  (source:  Cominco  Electronic  Materials). 
Experimental  procedures  for  the  CLS,  PL5,  and 
LEED  measurements  appear  elsewhere.” 

RESULTS  AND  DISCUSSION 

Low  energy  cathodoluminescence  spectroscopy  has  been  shown  to  be  an 
extremely  sensitive  technique  for  studying  optical  emission  properties  of  Ill-V 
semiconductors  at  both  the  surface  and  near  surface  region  of  the  material.””  Some 
of  the  advantages  of  electron  excitation  over  photon  excitation  derive  from  tlie 
gaussian  shape  of  the  energy  loss  profile  and  the  control  of  the  excitation  depth 
provide  by  CL.'*  This  depth  becomes  smaller  with  decreasing  electron  beam  energy, 
rendering  the  corresponding  luminescence  spectra  more  surface  sensitive.  In  order  to 
illustrate  these  proints,  in  figure  2  we  depict  room  temp)erature  PL  and  CL  spectra  of 
580  "C  "decapped”  MBE  GaAs  (100),  and  of  LEC  GaAs.  The  desorption  of  the  As  cap 
and  subsequent  sample  heating  up  to  580  °C  was  shown  to  produce  high  quality 
surfaces,  with  enhanced  near  band  gap  (NBG)  luminescence  intensity  and  reduced 
surface  deep  level  emissions.”-”  The  depth  resolved  CL  sjaectra  show  very  smalt 
emission  intensity  from  deep  levels.  However,  PL  spectra  obtained  with  I.'^tfi  eV 
photoexcitation  show  much  more  intense  deep  level  emissions  than  the  surface 
sensitive  CL  spectra.  The  spectral  shape  and  energies  of  these  deep  level  emissions 
are  similar  to  that  of  the  LEC  GaAs  substrate,  as  shown  by  PL  and  CL  measuremenis 
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Figure  1.  Sample  cross  section 
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Figure  2.  CL  and  PL  spectra  of  clean  ordered  MBE  GaAs  and  of  LEC  Ca  As.  The 
figure  on  the  right  side  shows  in  detail  the  deep  level  CL  spectra. 


performed  on  CaAs  substrates.  These  results  indicate  that,  in  this  case,  the  source  of 
these  deep  level  emissions  lies  in  the  GaAs  substrate.  On  the  other  hand,  the  much 
better  bulk  semiconductor  quality  of  MBE  GaAs  is  shown  in  the  orders  of  magnitude 
reduced  deep  level  emission  intensity  of  the  CL  spectra.  Figure  2  clearly 
demonstrates  the  advantages  of  controlling  the  depth  of  carrier  excitation  when 
studying  localized  semiconductor  deep  level  states  and  assessing  the  spatial  source  of 
the  emissions. 


Figure  3(a)  depicts  RT  CL  and  PL  spectra  of  as-grown  LT  GaAs  annealed  for  10 
minutes  at  400  “  C.  The  As  cap  is  mostly  desorbed  at  this  temperature.  LEED 
patterns  show  a  2x4  reconstruction  with  a  high  background  intensity  which  is 
indicative  of  residual  surface  disorder.''  Annealing  at  about  425  °C  improves  the 
surface  quality.  All  the  spectra  show  relatively  large  emission  intensity  from  deep 
levels,  which  indicates  a  large  amount  of  defects  present  in  this  material.  This  high 
trap  density  and  the  specimen  layer  structure,  which  includes  a  50  nm  AlQ^Ga^,„As 
barrier,  obstructs  carrier  diffusion  into  the  GaAs  substrate,  thereby  diminishing  the 
contribution  of  the  substrate  to  the  PL  spectra.  This  observation  of  deep  levels  in  pre¬ 
annealed  LT  GaAs  agrees  with  previous  observations  by  other  techniques  carried  out 
on  as-grown  materials.^"  The  dominant  emission  at  around  1  eV  can  be  assigned  to  a 
transition  involving  the  electronic  trap  EL2  and  the  VB.  This  band  assignation  is 
based  on  the  identification  of  EL2  as  the  deep  level  responsible  for  the  1  cV  infrared 
absorption  observed  in  SI  GaAs  wafers.'''  The  shoulder  at  about  0.85  eV,  whose 
relative  intensity  increases  towards  the  surface,  can  be  associated  with  emission  from 
surface  states.''' 
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(a)  (b) 


Figure  3(a).  CL  and  PL  spectra  of  as-grown  LT  GaAs  annealed  for  10  minutes 
at  400  °  C.  The  figure  also  shows  a  spectrum  of  LT  GaAs  annealed  at  600  "  C. 
Figure  3(b)  shows  in  detail  the  NBG  emission  spectral  region. 

The  CLS  measurements  also  show  that  the  NBG  transition  appears  at  lower  energy 
than  that  of  standard  GaAs.  The  NBG  energy  shift  is  shown  in  figure  3(b)  as  a 
function  of  electron  beam  energy  for  LT  GaAs  annealed  for  10  minutes  at  425  "  C. 
The  energy  shift  becomes  smaller  towards  the  specimen  surface,  as  shown  by  the 
increasing  surface  sensitive  CL  spectra.  Clearly,  part  of  the  excess  As  can  segregate 
and  evaporate  from  the  LT  GaAs  when  annealed  in  UHV  without  As  overpressure. 
Assuming  that  the  shifts  in  NBG  emission  energy  are  solely  due  to  changes  in  the 
semiconductor  lattice  constant  we  can  estimate  the  magnitude  of  the  lattice 
expansion.  Multiplying  the  bulk  modulus,  B,  and  the  pressure  dependence  of  the 
direct  energy  gap,  E^,  we  have 

D  =  B.(dEg/dP)T  =  -V.ldEg/dV)^  , 

where  V  is  the  specimen  volume,  and  P  is  the  applied  hydrostatic  pressure.  Usirig 
the  experimental  values  of  B  ,  1.  26  «  10'^  eV/bar,  and  dE^dP,  7.  54  »  llT  bar  lor 
GaA.s,'"  we  obtain  for  the  change  in  lattice  constant  a: 

da/a  =  3.6.1(F'.dEg  , 

where  dE^  is  the  difference  in  meV  between  the  NBG  emission  of  standard  Mlilf 
GaAs  and  that  of  LT  GaAs.  We  can  see  that  optical  techniques  are  extremely 
.sensitive  to  lattice  constant  changes,  i.  e.  ,  a  change  in  5  meV  in  band  gap  energy, 
easily  detected  even  for  optical  measurements  performed  at  room  tempera turi’, 
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corresponds  to  a  relative  change  in  lattice  constant  of  0.  017%.  The  measured  dE^ 
from  various  experiments  range  between  30  and  80  meV.  Thus,  we  obtain  a  relative 
change  in  a  of  0. 1  -  0.  3  %.  These  results  agree  with  X-ray  measurements.^ 

CLS  measurements  performed  on  pxKt-growth  600  °C  annealed  LT  GaAs,  depicted 
in  figure  3(a),  show  very  poor  luminescence  intensity,  with  negligible  and  featureless 
emission  from  deep  levels.  The  CL  sjaectrum  also  shows  a  NBG  emission  energy 
which  is  slightly  smaller  than  that  of  standard  GaAs.  This  indicates  that  the  lattice  is 
still  about  0.  03  %  expanded.  CL  measurements  of  as-grown  LT  GaAs  annealed  at 
temperatures  above  450  °  C  show  similar  spectral  characteristics:  extremely  low 
luminescence  signal  and  substantial  reduction  in  deep  level  emissions.  TEM 
measurements  indicate  that  the  formation  and  growth  of  As  clusters  is  occurring  at 
this  temperature.’’  Thus,  taking  into  account  the  relatively  intense  1  eV  luminescence 
signal  observed  in  pre-annealed  LT  GaAs  and  in  LEC  GaAs,’^*”  which  indicates  a 
high  cross  section  for  deep  level  radiative  recombination,  and  reported  trapping 
times  which  are  in  the  picosecond  range,^’  we  conclude  that  the  CL  measurements 
performed  on  post  growth  600  “C  annealed  LT  GaAs  show  a  dramatically  reduced 
concentration  of  deep  level  states.  These  results  are  consistent  with  infrared 
absorption  measurements,  which  show  no  EL2  absorption,”  and  EPR  measurements, 
which  show  defect  densities  reduced  below  the  resolution  limit  of  about  10'”  cm  ’ 

Finally  in  figure  4  we  show  a  CL  spectrum  of 
SI  LEC  GaAs.  Previous  to  insertion  in  the  UHV 
chamber  this  sample  was  etched  with  a  solution 
of  HjS04  and  H2O2  for  2  minutes,  and  rinsed 
with  NH4OH  and  de-ionized  H,0  This 
treatment  eliminates  any  chemical  and 
mechanical  damage  resulting  from  wafer 
processing.  The  spectrum  .'hows  a  broad  and 
featureless  optical  emission  from  deep  levels. 
These  deep  level  emissions  are  more  intense, 
roughly  by  a  factor  5,  than  those  reported  alxrve 
for  post-growth  annealed  LT  GaAs.  Moreover, 
the  NBG  emission  intensity  is  about  20  times 
larger  than  that  of  annealed  LT  GaAs.  There  is 
no  space  here  to  speculate  on  the  physical 
meaning  of  this  observation.  Following  Warren 
et  al,*  we  may  also  speculate  that  a  reduced 
number  of  As  precipitates-recombination 
centers  in  SI  LEC  GaAs  will  increase  the 
probability  of  NBG  radiative  recombination, 

LEC  GaAs 
CONCLUSIONS 

In  conclusion,  using  optical  emission  techniques  we  have  characterized  both  pre- 
annealed  and  post  -annealed  LT  MBE  GaAs.  The  pre-annealed  materia!  shows 
intense  deep  level  emissions  which  are  associated  with  the  excess  concentration  of 


upon  annealing  at  600  “C.^” 


Figure  4,  CL  spectrum  of  SI 


86 


Arsenic  founJ  in  LT  GaAs.  These  emissions  are  assigned  to  transitions  involvii  g  As- 
antisite  defects  and  the  VB.  These  emissions  subside  with  annealing  for  a  few 
minutes  at  temperatures  above  450  “  C,  indicating  the  "healing "  of  those  defects. 
Concurrently,  the  excess  As  diffuses  and  precipitates  into  large  clusteis,  fo’-’^-ing  a 
large  number  of  buried  As/GaAs  interfaces.  The  post-growth  600  “  C  annealed 
material  shows  a  dramatically  reduced  ^  .icentration  of  deep  level  states.  Thus,  these 
results  support  the  "buried"  Schottky  harried  model  of  insulation  for  LT  GaAs,  e  g. 
the  mechanism  of  insulation  is  determined  by  the  properties  of  the  As  precipitates 
and  their  GaAs/ As  interfaces. 
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ABSTRACT 

It  has  recently  been  shown  that  a  lOOoA  cap  layer  of  molecular  beam  epitaxial 
fMBE)  GaAs  grown  at  200oC  passivates  the  surface  of  a  GaAs  active  layer 
(n~2xl0'tcm-3)  in  the  sense  of  reducing  the  free-carrier  depletion  which  arises  from 
surface  acceptor  states.  The  same  phenomenon  holds  for  active— layer  concentrations  up 
to  7xl0'*cm'3,  for  caps  as  thin  as  14A,  and  for  either  Asj  or  As^  anion  species.  In  an 
attempt  to  understand  these  effects,  we  have  applied  photoreflectance  (PR)  and  x— ray 
photoelectron  spectroscopy  (XPS).  In  general,  the  PR  shows  contributions  from  the 
surface,  cap/active-layer  interface,  and  active-layer/buffer-layer  interface,  because 
each  of  these  regions  can  have  a  different  electric  field.  In  fact,  the  various  field 
strengths  can  be  determined  from  Franz— Keldysh  oscillations  (FKO),  and  good 
agreement  with  Hall-effect  measurements  is  usually  found.  However,  for  200'>C 
material,  no  PR  is  seen,  suggesting  that  there  is  no  surface  charge  (no  surface  acceptor 
states  below  the  Fermi  level)  or  at  least  no  surface-charge  modulation  by  the  light.  The 
XPS  data,  which  arise  only  from  the  near-surface  f~30A)  region,  show  that  the  binding 
energies  in  the  capped  samples  are  increased  (i.e.,  surface  Fermi  pinning  energy- 
decreased)  by  0.2  eV  with  respect  to  those  in  the  uncapped  samples.  These  data  are 
discussed  in  relation  to  a  passivation  model. 


INTRODUCTION 

Although  the  first  applications  of  low-temperature  molecular-beam  epitaxial 
(LTMBE)  GaAs  used  the  material  as  a  buffer  layer  underneath  an  active  layer,  more 
recent  applications,  such  as  the  metal— insulator-semiconductor  field-effect  transistor 
(MISFET)  and  the  photoconductive  (PC)  switch,  have  used  it  as  a  cap  layer,  on  top  of 
the  active  layer  or  the  substrate  [1,2],  Furthermore,  the  material  may  have  a  role 
simply  as  a  passivation  layer,  since  it  is  known  to  reduce  free-carrier  depletion  in  the 
active  layer  and  to  enhance  the  surface  breakdown  voltage.  Thus,  it  is  important  to 
know  how  the  bulk  states,  surface  states,  and  interface  states  in  the  cap  interact  with 
the  donor  states  in  the  active  layer.  We  have  earlier  used  the  Hall  effect  [3]  to 
investigate  this  problem,  and  in  this  work  we  report,  for  the  first  time,  the  application  of 
x-ray  photoelectron  spectroscopy  fXPS)  and  photoreflectance  (PR)  spectroscopy.  We 
also  solve  the  Poisson  equation  for  various  possible  models  to  see  which  ones  are 
consistent  with  the  experimental  data. 


SAMPLES 

In  this  study,  we  will  primarily  deal  with  five,  representative  samples,  grown 
sequentially  in  a  Varian  Gen  11  apparatus  over  the  course  of  a  single  day,  and  each 
having  the  following  basic  structure:  (1)  a  650/itn,  SI  GaAs  substrate;  (2)  a  500oA, 
undoped  buffer  layer,  grown  with  Asj  at  SSOoC;  and  (3)  a  2500A,  Si-doped  active  layer, 
grown  with  Asa  at  580oC  and  having  n~  N,ia  2.4  x  lO't  em'S.  Four  of  the  samples  were 
then  capped  with  a  lOOOA  layer  grown  at  200  or  400OC,  and  with  Asj  or  As4,  as 
enumerated  in  Table  1;  the  fifth  sample  was  left  uncapped,  as  a  control.  Numerous 
other  LTMBE  GaAs  samples,  grown  under  similar  conditions,  basically  produce  the 
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Table  1.  Characteristics  of  samples  used  in  this  study.  ^Fs~  Eq—  Ep  at  the  surface. 


Cap 

growth  T 

Cap 

As  species 

Ansh— Hall 
(10 '2cm-*) 

Ansh-PR 

(10'2cm'2) 

AEp^-XPS 

(eV) 

no  cap 

0 

0 

0 

200OC 

AS2 

1.15 

no  surf  signal 

-0.18 

400OC 

Asj 

1.48 

0.95 

-0.04 

20000 

AS4 

0.54 

no  surf  signal 

-0.18 

400OC 

As  4 

0.95 

0.95 

+0.01 

same  Hall,  XPS,  and  PR  results  as  will  be  reported 

here.  The  one  exception  is  sample  2 

(20000,  Asj),  which  has  a  higher  sheet  electron  concentration  than  has  been  measured  in 
other,  similar  samples.  This  point  is  discussed  later. 


THEORY 

Some  possible  conduction-band  diagrams  which  will  fit  the  Hall  data  are  given  in 
Fig.  1.  These  curves  result  from  numerical  solutions  to  the  one-dimensional  Poisson 
equation  with  the  parameters  given  in  Table  2,  and  it  can  be  seen  that  those  parameters 
give  sheet  free-electron  concentrations  nsh  which  are  consistent  with  the  measured  ones. 
Furthermore,  the  given  parameters  correctly  predict  Ansh  as  the  cap  thickness  dr  is 
reduced  by  etching,  as  discussed  in  detail  elsewhere.  The  surface  states  Nas  were  chosen 
to  be  acceptors  of  sheet  density  1  x  10'*  cm'*  and  energy  E^  —  0.7  eV,  since  these  values 


Fig.  1.  Conduction  band  diagrams  for  various  cap 
characteristics.  The  w^'s  arc  effective  depletion  lengths. 
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Table  2.  Parameters  used  to  compute  the  various  curves  in  Fig.  1.  Superscript  "sh" 
denotes  a  sheet  density. 


Curve 

(10'3  cm'*) 

s  h 

Na> 

(10"  cm 

'^Ac 

-2)  (10'*  cm 

'^Dcl 

-*)(10'9  cm 

Ndc2 

■3)  (10'*  cm 

A 

An 
-3)  (10'2 

(a)  no  cap 

1.0 

n/a 

N/A 

N/A 

N/A 

0 

(b)  200oC,  As4 

0 

9.5 

0.001 

3.0 

0 

0.56 

(c)  20000,  As4 

1.0 

0 

1.0 

3.0 

2.0 

0.50 

(d)  400OC,  As4 

1.0 

1.0 

0.001 

*3.0 

0 

1.06 

*actually  unknown,  but  less  than  3  x  10>9  cm"* 


agree  well  with  those  in  the  literature,  and  tend  to  pin  Efs  at  0.7  eV.  The  interface 
states  were  chosen  to  be  near  the  valence  band  (Ey  to  +0.1  eV)  since  there  is  evidence 
that  they  may  b(\  carbon  related,  arising  from  impurities  adsorbed  during  growth 
interruption  as  thi'  wafer  is  cooled  from  580  to  200  or  dOO^C.  The  concentration  of 
acceptors  N^c  in  thn  volume  of  the  cap  is  somewhat  controversial  at  present,  with  EPR 
results  [4]  favoring  a  value  greater  than  10'*  cm'*,  and  the  original  Hal!  results  (5] 
predicting  a  lower  value  of  1  x  10'*  cm'*.  However,  we  have  recently  shown  that  if  the 
substrate  contribution  to  the  Hall  coefficient  is  taken  into  account,  then  the  Hall  data 
can  also  be  fitted  with  Nac  greater  than  10'*  cm'*.  With  respect  to  the  donors,  there  is 
general  agreement  that  an  arsenic-antisite  related  center  (Nud)  is  present  at  very  high 
concentrations  (10'*  -  10**  cm'*)  in  the  200<>C  samples.  Since  the  absorption  signature 
is  very  much  like  that  of  EL2,  it  is  presumed  that  the  energy  of  Njci  is  at  Ec-  0.75  eV 
at  T=0,  and  Ec-  0.65  eV  at  T=296  K.  If  Nac  is  greater  than  1  x  10'*  cm'*,  as  deduced 
from  EPR  results,  then  it  is  necessary  to  either  invoke  a  second  donor,  sh^lower  than 
EL2,  or  a  donor  interface  charge,  in  order  to  get  the  correct  sheet  Hall  concentration 
(Table  1)  for  the  200oC,  As4  sample.  For  example,  we  can  get  a  good  fit  by  assuming 
N,icj  ~  2  X  10'*  cm  *  and  E<io2  -  Ec  -  0,43  eV  at  296  K.  However,  Eurz  could  be  deeper 
if  a  donor  interface  charge  is  also  present.  In  the  rest  of  the  paper  these  models  are 
examined  with  respect  to  XPS  and  PR  data. 


Fig.  2.  Surface  (E^^and  and  bulk  (E^)  binding  energies 
for  two  band-bending  conditions 


X-RAY  PHOTOELECTRON  SPECTROSCOPY 


The  XPS  data  were  taken  on  a  Surface  Science  Instruments  M— Probe  operating 
with  the  monochromatic  line  at  E,  =  1486.6  eV.  The  instrument  measures  the 

kinetic  energy  Ek  of  the  emitted  photoelectrons,  and  since  Ek=  E,  — Ei,  —  (j>  (the 
spectrometer  work  function),  it  is  easy  to  get  Eb,  the  binding  energy  with  respect  to  the 
Fermi  energy.  In  Fig.  2  we  schematically  show  an  n— type  semiconductor,  in  equilibrium 
with  an  XPS  apparatus,  for  two  different  cases  of  semiconductor  band  bending.  For  case 
2  the  band  bending  is  smaller,  whicn  means  the  binding  energy  (Ef—  Ecore)  at  the 
surface  is  larger.  Thus,  if  the  surface  is  passivated  (smaller  band  bending)  then  Ei,  will 
be  larger. 

For  samples  which  are  not  strongly  conducting,  such  as  the  400°C— capped  layers, 
the  apparent  energies  can  be  shifted  due  to  charging  effects.  To  minimize  this  problem, 
we  used  a  neutralizing  screen  in  front  of  the  samples  and  out  of  focus  with  the  analyzer. 
To  further  correct  for  charging  effects,  all  As  and  Ga  lines  in  a  particular  sample  were 
referenced  to  the  carbon  Is  line  (evidently  surface  carbon)  in  that  sample.  In  Fig.  3  are 
presented  the  As  3d  spectra  for  the  control  sample  (no  cap),  and  the  200°C,  As4— capped 
sample.  Clearly,  the  capped  sample  spectrum  is  shifted  to  a  higher  binding  energy 
(lower  band  bending).  The  spectra  were  fitted  with  Gaussian  functions,  after  removing 
an  integral  (Shirley)  background,  in  two  different  ways  -  assuming  (1)  that  each  line 
was  a  singlet,  or  (2)  a  spin-orbit-split  doublet.  The  As  3d  singlet  results  are  presented 
in  Table  I,  and  are  consistent:  both  200''C-capped  samples  shift  about  0.2  eV  to  higher 
binding  energy  (lower  band  bending),  and  both  400oC-capped  samples  exhibit  only  a 
small  shift,  possibly  insignificant  with  respect  to  the  error  in  the  energy  determinations. 

We  now  compare  these  results  with  the  various  models  represented  by 
conduction-band  diagrams  in  Fig.  1.  Since  the  average  emission  depth  of  the 
photoelectrons  is  only  about  IsA,  the  relevant  binding  energy  is  that  very  close  to  the 
surface.  Thus,  the  XPS  results  predict  an  equal  or  slightly  smaller  surface  potential  for 
curve  (d)  (dOO^C,  AS4)  with  respect  to  curve  (a)  (no  cap),  and  that  indeed  is  the  rasp 
For  the  20000  samples,  the  XPS  data  would  predict  a  surface  potential  of  about  0.7  - 
0.2  =  0.5  eV,  right  between  the  curve  (b)  and  curve  (c)  values.  Thus,  it  appears  that 
neither  model  is  exactly  correct.  However,  it  is  clear  that  the  surface  Fermi-level 
cannot  be  pinned  at  E,;-  0.7  eV  (curve  (c))  and  still  be  consistent  with  the  XPS  data 
unless  the  surface  depletion  width  is  less  than  IsA,  so  that  E,—  Ef  would  be  averaged 
from  0.7  to  0.4  eV.  For  this  to  be  true,  the  shallow  donor  would  have  to  have  a 
concentration  of  10>3  —  1020  cm  3,  in  order  to  accommodate  lO's  cm  '^  surface  acceptors 
in  I5A  A  donor  deeper  than  0.4  eV  could  also  be  allowed  if  it  were  accompanied  by  an 
interface  donor  charge,  but  it  still  would  have  to  be  shallow  enough  to  produce  a 


flat— band  (at  Ec— Ef  ~  0.5  eV)  in  the  cap  in  order  to  satisfy  the  XPS  data.  Different 
interface  donor  concentrations  could  also  explain  why  the  Hall  concentration  differs 
among  samples,  such  as  the  Asj—  and  As4—  capped  samples  in  Table  1. 


PHOTOREFLECTANCE  SPECTROSCOPY 

Photoreflectance  (PR)  spectra  result  from  the  modulation  of  an  electric  field  (and 
thus  the  dielectric  constant)  by  a  modulated  light  source  which,  in  our  case,  is  the 
632.8  nm  line  from  an  HeNe  laser.  Since  this  line  can  penetrate  more  than  3500A,  it  can 
possibly  modulate  three  fields  in  our  samples:  (1)  the  field  at  the  cap  surface;  (2)  the 
field  at  the  cap/active-layer  interface;  and  (3)  tne  field  at  the  active— layer/buffer-layer 
interface.  The  PR  data  are  presented  in  Fig.  4.  The  fields  can  be  calculated  from  the 
Franz- Keldysh  oscillations  (FKO)  in  the  usual  way.  First  note  that  the  control  sample 
has  three  FKO  extrema  at  830,  794,  and  766  nm;  these  give  a  field  F  =-  1.8  x  lO*  V/cm, 
or  a  depletion  charge  Q=—  (e/e)£  =  1.3  x  10'*  cm'2.  This  agrees  satisfactorily  with  the 
value  N(iaWa  =  1.5  x  10>2  cm'S  from  Hall  measurements.  Next,  the  dOO^C  sample  has 
many  extrema  in  the  757-853  range,  leading  to  £  =—4.9  x  10^  V/cm,  or  Q  i  3.5  x  10*' 
cm "2.  Here  the  Hall  data  predicted  Q  =  4.8  x  10"  cm'*,  again  in  satisfactory  agreement 
considering  the  potential  errors  in  the  two  independent  measurements.  Finally,  the 
control  and  200°C-capped  samples  have  several  short-period  oscillations  between  840 
and  880  nm,  and  the  400“C-capped  sample  also  appears  to  have  them,  although  they 
are  hidden  by  the  much  larger  surface  oscillations.  These  short-period  FKO  lead  to  a 
field  £  =—  1.7  X  10*  V/cm,  which  is  very  close  to  what  is  expected  from  the 
active-layer/buffer-layer  interface  (—1.6  x  10*  V/cm).  Support  for  this  interpretation 
comes  from  the  fact  that  these  oscillations  are  absent  if  the  buffer  layer  is  absent.  Thus, 
the  PR  results  are  all  well  understood  and  consistent  with  the  Hall  and  XPS  results  fcr 
the  control  and  400'’C-capped  samples.  The  200''C-capped  samples,  on  the  other  hand, 
show  no  PR  signal  at  all  except  for  the  buffer  contribution. 


750  770  790  810  830  850  870  890  910  930  950 

^(nm) 

Fig.  4.  Photoreflectance  data  for  three  samples.  The  base-line 
displacements  are  arbitrary. 
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The  absence  of  a  PR  signal  from  200‘>C  MBE  GaAs  most  likely  arises  from  one  of 
the  following  two  causes:  (1)  there  are  no  surface  acceptor  states  to  charge  up  and 
therefore  no  surface  field;  or  (2)  there  is  a  surface  field  but  the  light  modulation  cannot 
affect  it.  The  first  case  would  be  depicted  by  curve  (b)  of  Fig.  1;  however,  then  the 
surface  potential  as  deduced  by  XPS  should  have  been  about  0.35  eV  lower  than  that  of 
the  control  sample,  rather  than  0. 18  eV.  The  second  case  would  be  represented  by  curve 
(c);  here,  the  surface  potential  would  presumably  be  averaged  over  the  first  10— 20A  of 
the  surface  band  bending  which  could  well  be  consistent  with  the  observed  0.18  eV 
differential  if  Ndc2  were  large  enough.  (For  example,  lO^o  cm‘3  deep  donor  states  would 
compensate  10*^  cm "2  surface  acceptor  states  in  loA.)  If  case  2  is  correct,  then  we  still 
need  to  explain  why  the  surface  field  is  not  modulated.  One  reason  might  be  that  oniy  a 
small  volume  of  photoexcited  holes  (i.e.,  just  lOA  deep)  is  swept  to  the  surface  and  is 
thus  available  to  neutralize  negatively  charged  acceptors.  Also,  the  recombination  time 
might  be  very  short  because  the  bath  of  free  electrons  is  within  loA  of  the  surface  and 
can  easily  tunnel  through  the  barrier,  which  is  only  about  0.3  eV  high  (0.7— 0.43  eV). 
Contrast  this  situation  with  that  of  the  400oC-capped  sample,  curve  (d),  in  which  the 
effective  photoexcitation  volume  and  barrier  are  more  than  lOOOA  thick.  Thus,  the 
photoexcited  holes  should  be  much  more  effective  in  neutralizing  surface  acceptor  states 
in  the  latter  case. 


PASSIVATION  MODEL 

The  passivation  (reduction  of  free-carriet  depletion)  by  a  4uu''C  (or  SSOfC)  cap 
layer  is  well  understood  and  results  from  the  surface  acceptor  states  being  displaced 
from  the  active  layer.  The  passivation  by  a  200OC  cap  is  not  as  well  understood,  but  it 
is  clear  from  Hall/etching  experiments  that  a  200oC  cap  must  have  a  long,  flat-band 
region.  A  flat-band  can  be  due  to  (1)  small  bulk  and  surface  acceptor  concentrations  in 
the  cap,  or  (2)  a  large  bulk  acceptor  concentration  and  an  even  larger  bulk  donor 
concentration,  which  controls  the  Fermi  level.  The  latter  case  is  more  consistent  with 
EPR  and  recent  absorption  measurements,  but  the  XPS  data  suggest  that  such  a  donor 
must  be  shallower  than  EL2  by  a  least  0. 1-^.2  eV,  even  though  it  may  still  be  related  to 

'^'Ga 
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ABSTRACT 

We  have  studied  the  annealing  characteristics  of  acceptor  doped  GaAs.Be  grown  at  Low- 
substrate  Temperatures  (300°C)  by  Molecular  Beam  Epitaxy  (LTMBE).  The  Be  was  introduced  in 
a  range  of  concentrations  from  10''’  -10"'  cm'3.  As-grown  material  was  found  to  be  n-iype  even 
up  to  the  highest  Be  concentration  of  10'^  cm'3  although  Raman  spectroscopy  of  the  Be  local 
vibrational  rriode  indicates  that  the  majority  of  the  Be  impurities  are  substitution^.  We  propose  that 
Be  acceptors  are  rendered  inactive  by  the  high  concentration  of  A.sca-related  native  donor  defects 
present.  Results  of  slow  positron  annihilation  studies  indicate  an  excess  concentration  of  Vca  in 
LTMBE  layers  over  bulk  grown  crystals.  A  distinct  annealing  stage  at  500°C.  similar  to  irradiation 
damaged  and  plastically  deformed  GaAs,  marks  a  rapid  decrease  in  the  Asca  defect  concentration. 
A  second  annealing  stage  at  800°C  corresponds  to  the  activation  of  Be  acceptors.  Analysis  of 
isothermal  annealing  kinetics  for  the  removal  of  Asca-related  defects  gives  an  activation  energy  of 
1.7  ±0.3  eV.  We  model  the  defect  removal  mechanism  with  the  Vca  assisted  diffusion  of  Asca 
As  precipitates. 

INTRODUCTION 

More  than  a  decade  ago  it  was  proposed  1 1 )  that  GaAs  grown  at  low  temperatures,  -400°C, 
would  make  an  excellent  buffer  layer  for  field  effect  transistors.  Recently  it  was  found  that  lowering 
the  buffer  layer  growth  temperature  even  further,  -200-3(X)'’C,  resulted  in  substantial  performance 
improvements  for  GaAs  integrated  circuits  (2),  It  is  this  novel  material  grown  at  2(X)-?00°C  that  we 
shall  refer  to  as  LTMBE  GaAs  which  has  generated  great  technological  and  scientific  interest. 

Of  great  scientific  interest  is  the  extremely  high  quantity  of  excess  As,  -1,5%  (31.  The 
excess  As  is  incorporated  mainly  as  Asoa-related  defects  (4]  in  as-grown  material  and  as  arsenic 
precipitates  after  annealing  [5].  The  extremely  high  concentrations  of  native  defects  in  as-grown 
material  provide  a  unique  opportunity  to  study  the  reactions  between  native  defects  and/or 
intentionally  introduced  impurities  in  highly  non-stoichiomeiric  material. 

The  high  lesistivity  ~1(H  to  10^  Ocm,  of  LTMBE  GaAs  has  been  attributed  to  the  high 
concentration  of  excess  As.  As  grown,  however,  these  materials  exhibit  conductivity 
characteristics  of  a  hopping  mechanism  via  defects  16).  Only  after  annealing  the  layers  at 
temperatures  above  500°C,  such  as  encountered  during  the  subsequent  growth  of  a  standard  MBE 
layer,  does  the  material  become  Semi-Insulating  (SI)  with  resistivities  -10^  Qcm. 

Because  of  the  practical  importance  of  LTMBE  GaAs  buffer  layers,  most  studies  have  been 
of  undoped  materials.  However,  a  recent  study  of  the  dependence  of  Si  donor  doping  efficiency 
on  the  stoichiometry  of  LTMBE  GaAs  layers  shows  that  any  significant  non-stoichiometric 
deviation  towards  arsenic  rich  material  always  leads  to  reduced  activity  of  Si  donors  17).  Some 
attention  has  been  paid  to  the  effects  of  growth  temperature  on  the  efficiency  of  p-lype  doping  (8). 

The  aim  of  the  present  study  is  to  shed  light  on  the  properties  of  defects  and  defect-impurity 
reactions  in  p-type  doped  LTMBE  GaAs.  We  investigate  the  thermal  stability  of  defects  in  GaAs 
doped  with  Be  in  a  wide  concentration  range.  Also  we  have  determined  the  annealing  conditions 
required  to  activate  Be  acceptors  in  LTMBE  GaAs.  A  model  has  been  proposed  19]  which 
describes  annealing  of  As^a-related  defects  via  gallium  vacancy  assisted  diffusion. 

EXPERIMENTAL 

Samples  were  grown  in  a  Varian  Gen  II  MBE  system.  The  substrates  were  (100)  SI  LEG 
GaAs  wafers.  The  growth  was  initiated  at  a  substrate  temperature  of  580°C,  depositing  lOOA  of 
conventional  MBE  GaAs,  before  ramping  down  to  a  temperature  of  300°C  and  growing  3pm  of 
LTMBE  GaAs.  The  surface  was  As  stabilized  with  an  AsVGa  flux  ratio  of  2.  The  growth  rate  for 
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the  layers  was  liam  hr'.  Be  concentrations  of  lO"*,  10*^,  lO'",  and  10"'  cm'^  were  introduced  in 
a  series  of  samples. 

Electrical  mea.surements  were  made  using  a  high  impedance  Hall  effect  system  with  samples 
in  the  van  der  Pauw  geometry.  Ohmic  contacts  were  alloyed  with  pure  In  at  200“C  for  4  minutes. 

IR  absorption  measurements  were  made  using  a  Cary  2300  .spectrophotometer.  Neutral  EL2 
like  defect  concentrations  are  estimated  from  the  absorption  at  a  wavelength  of  1  pm  relative  to  the 
background  absorption  at  1.7pm  using  the  calibration  of  Martin  1 10|. 

Positron  annihilation  studies  were  performed  with  a  variable  energy  positron  beam  at  the 
Institute  of  Materials  Science,  Tsukuba,  Japan.  The  relative  Vca  concentrations  were  determined 
from  the  S-parameter  characteristic  of  the  Doppler  broadened  5 1 1  keV  annihilation  y-ray  ( 1 1  ].  S  is 
defined  as  the  ratio  of  the  number  of  central  region  counts  to  total  counts.  The  central  region  was 
cho.sen  from  510.5  to  51 1.5  keV  and  the  total  number  of  counts  at  all  energies  was  5x10^. 

Samples  were  annealed  isochronally  for  20  minutes  at  330,  370,  415,  470,  550,  625,  700 
and  800°C.  Below  500°C  the  samples  were  annealed  in  flowing  N2.  Above  500°C  the  samples 
were  sealed  in  an  evacuated  ampoul  with  enough  elemental  As  to  maintain  an  overpressure  of  2 
atm.  at  the  annealing  temperature  to  prevent  As  loss. 

Isothermal  anneals  were  performed  at  430, 450  and  490°C  in  flowing  N2.  During  the  course 
of  annealing,  the  samples  were  removed  at  specific  time  intervals  to  make  room  temperature  IR 
absorption  measurements  and  then  were  placed  back  in  the  furnace. 

RESULTS  AND  DISCUSSION 


Figure  1  shows  IR  absorption  spectra  recorded  at  lOK.  Spectra  (a,  b,  c,  d)  of  all  four  as- 
grown  Be  doped  samples  are  shown.  Spectrum  (e)  belongs  to  of  the  10’"  cm'^  doped  sample 
taken  after  a  30  minute  white  light  illumination  and  illustrates  the  phoioquenching  properties  of 
these  layers.  Spectrum  (0  is  the  ratio  before  and  after  illumination  showing  the  phoioquenchable 
(PQ)  IR  absorption.  All  the  spectra  show  a  characteristic  broad  absorption  at  1.2  eV  similar  to  EL2 
but  no  zero  phonon  line  near  1.04  eV  is  visible.  The  PQ  fraction  of  defects  ranged  from  60%  to 
85%.  The  highest  concentration  of  neutral  Asca  is  3x10’^  cm'^  for  the  10’’’  cm'^  doped  sample. 
Increased  Be  doping  reduced  the  concentration  of  neutral  Asca-related  defects  to  1.5x10’^  cm' 3.  If 
we  consider  the  donor  like  Asca-rdated  defects  to  be  compensated  by  Be,  then  the  total 
concentration  fAscal  fot  'itc  (Bel  =  10’^  cm'^  doped  sample  would  be  2,5  x  10’^  cm'^.  This 
indicates  that  the  total  (Ascal  remains  roughly  constant  and  does  not  depend  on  the  |Be], 

One  striking  aspect  of  electrical  measurements  of  our  as-grown  LTMBE  GaAs.  Be  is  the  lack 
of  p-type  conductivity.  Figure  2  shows  results  of  temperature  dependent  resistivity  measurements 
for  the  as-grown  sample  doped  with  (Be]  =  lO'^cm'^.  Both  this  and  the  sample  doped  with  IBe] 
=  10’®  cm'^  exhibit  n-type  conductivity.  Unfortunately  in  the  two  more  highly  doped  samples 
([Be]  =  10’"  and  10"'  cm'^),  the  first  lOOA  of  standard  GaAs  were  inadvertently  Be  doped,  TTiis 
created  a  shunting  layer  at  the  interface  making  electrical  studies  of  these  LTMBE  layers 
impossible.  However,  it  did  not  affect  optical  measurements  of  these  layers. 

The  temperature  dependence  of  the  resistivity  p  (see  Fig.  2)  can  be  expressed  as 


where  k  is  Boltzman's  constant  and  T  is  the  temperature.  pi  and  Ej  are  the  extrapolated  infinite 
temperature  intercept  and  the  activation  energy  of  the  resistivity  above  room  temperature  and 
correspondingly  p3  and  £3  describe  the  resistivity  below  room  temperature. 

Above  room  temperature  the  activation  energy  for  the  resistivity  is  Ei  =  0.75  eV,  This  is 
representative  of  the  normal  free  carrier  conduction  due  to  the  thermal  excitation  of  electrons  to  the 
conduction  band  from  the  Fermi  energy  pinned  to  the  defect  level  at  midgap.  Below  room 
temperature  the  conductivity  mechanism  has  been  proposed  to  be  the  thermally  assisted  hopping  of 

electrons  via  localized  Asca-related  defect  states  |6).  We  find  the  activation  energy  £3  to  be  75  ±3 
meV  and  92  ±3  meV  for  the  samples  doped  10’®  and  10’^  cm'^  respectively. 

An  important  question  is  whether  the  Be  impurities  are  substitutional  in  as-grown  layers.  We 
have  previously  (9)  measured  the  Raman  spectrum  of  the  Be  local  vibrational  mode  in  as-grown 
LTMBE  GaAs  heavily  doped,  10’^  cm'^,  with  Be.  Our  results  indicate  that  a  significant  fraction 
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of  the  total  Be,  greater  than  50%,  must  occupy  substitutional  positions.  Therefore,  the  Be  must 
either  be  compensated  by  native  defects  or  form  complexes  with  them. 

Another  point  defect  accommodating  excess  As  in  GaAs,  besides  the  Asca,  is  the  Vca 
Positron  annihilation  experiments  were  performed  to  determine  the  relative  IVca)  as  a  function  of 
Be  doping.  The  magnitude  of  the  S-parameter  is  a  measure  for  the  [Vcal,  with  a  larger  value  of  S 
indicating  a  higher  [Voal.  More  detailed  discussions  of  slow  positron  annihilation  measurements 
and  Doppler  broadened  y  ray  spectroscopy  can  be  found  in  the  literature  1 1 1 1. 

The  results  of  the  positron 
annihilation  experiments  are 
shown  in  Fig.  3.  The  LEG 
substrate  gives  the  lowest  S 
parameter  and  thus  has  the  lowest 
Vca  concentration.  LTMBE  layers 
exhibit  a  larger  S  parameter  which 
indicates  that  a  larger  concentration 
of  Voa  are  present.  Note  that  a 
larger  [Vcal  is  found  in  the  lightly 
doped  (10'^  cm'^)  layer  than  in  the 
heavily  doped  (K)'^  cm-3)  layer. 

This  trend  is  understandable  as  one 
expects  lower  concentrations  of 
negatively  charged  IVca)  with  Be 
acceptors  present.  Although  we 
cannot  quantify  the  positron 
annihilation  results  they  provide  us 
with  very  important  information 
about  the  presence  of  (Vcal  in 
LTMBE  GaAs. 


Annealed  LTMBE  layers 

Figure  4  shows  the  IR  absorption 
at  a  wavelength  of  1.24  eV  versus 
anneal  temperature.  The  filled-in 
svmbols  connected  by  solid  lines 
represent  the  total  neutral  defect 
ab.sorption  taken  at  I  OK  before 
illumination.  The  open  symbols 
connected  by  dashed  lines 
represent  the  PQ  portion  of  the 
absorption.  The  obvious  feature 
of  Fig.  4  is  the  distinct  annealing 
stage  between  470  and  550°C 
corresponding  to  a  large  decrease 
in  the  total  IR  absorption  .  For 
temperatures  less  than  430“C,  it 
appears  dtat  the  non-PQ  defects  are 
thermally  less  stable  than  the  PQ 
defects.  For  the  lO’*^  and  10** 
cm-3  doped  samples  the  PQ 
absorption  even  increases.  The 
slight  increase  in  PQ  absorption 
could  indicate  that  some  of  the 
non-PQ  defects  are  being 
converted  into  PQ  defects. 

The  dependence  of  the 
electrical  properties  on  the  anneal 
temperature  was  also  investigated. 
The  temperature  dependent 
resi.stivity  of  the  [Be)  =  10‘^cm-^ 


FIG.  I .  IR  absorption  spectra  of  LTMBE  GaAs:Bc  layers  corrected  for 
substrate  absorption,  a.  lO’^  cni'^  doped  layer,  b.  lO’'’ em c.  10’* 
cm  d.  10'^  cm'*,  c.  lO’*  cm  ^  doped  layer  after  30  min.  white 
light  illumination,  f.  PQ  absorption  of  10'^  cm  *  doped  layer  given 
by  the  ratio  of  spectra  taken  before  and  after  illuminaUon 


FIG.  2.  Temperature  dependent  rc.sisliviiy  of  isochronally  annealed 
■samples.  Annealing  lime  was  20  minutes.  Initial  steep  slope  is 
parallel  conductivity  of  subsuate.  Shallower  low  temperature  slope  is 
thermally  activated  hopping  conduction.  Hopping  conductivity  is 
reduced  in  annealed  samples.  Annealing  temperatures  were: 
(0  as  grown.  □  330”C.  A  370°C.  ■  415°C,  •  470°C,  ▲  5.S0°C.) 
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doped  sample  is  shown  in  Fig.  2 
for  anneals  up  to  550°C.  The 
resistivity  of  the  annealed  sample 
can  also  be  described  by  equation 
(I).  For  increasing  annealing 
temperatures,  the  region  described 
by  p3  and  Ej  moves  towards  higher 
resistivity.  The  resistivity  at  250 
K  increases  nearly  5  orders  of 
magnitude  after  annealing  at 
550  K.  For  the  same  annealing 
temperature,  the  defect 
concentration  decreases  by  only  a 
factor  of  8  (see  Fig.  4).  This 
strong  dependence  of  the 
resistivity  on  the  defect 
concentration  is  further  evidence 
for  a  hopping  conduction 
mechanism.  It  reflects  the 
exponential  dependence  of  the 
electron  wavefunclion  overlap  on 
the  hopping  center  separation. 

One  import,ant  point  to  note 
is  that  only  after  annealing  at 
800°C  does  the  sample  become  p- 
type.  Although  t  ,e  Asoa-relaled 
donors  rapidly  anneal  off  at  55()°C 
we  do  not  observe  any  electrical 
activity  of  Be  acceptors  below 
700°C.  Since  our  Raman 
scattering  experiments  show  that 
most  of  the  Be  atoms  are 
substitutional  we  have  to  conclude 
that  a  large  concentration  of  Asoa 
defect-related  donors  is  stable  up 
to  700°C.  A  possible  explanation 
for  the  enhanced  stability  of  the 
donors  is  that  they  form  complexes 
with  substitutional  Be  acceptors. 
For  the  next  nearest  neighbor  pair, 
AsGa"^  +  Beca".  the  electrostatic 
attraction  energy  is  about  1.2  eV. 
Ionized  Asca'*'  defects  tied  up  in 
the  p.iirs  do  not  contribute  to  IR 
ab.sorption  and  cannot  be  detected 
in  absolution  measurements.  The 
activation  of  Be  acceptors  at 
temperatures  exceeding  700°C  is 
associated  with  a  break  up  of 
AsGa'*^  +  Bee  a'  pairs  and 
subsequent  diffusion  of  Asoa  to 
As  precipitates. 

Isothermal  annealing  studies 
were  performed  to  better 
understand  the  kinetics  of  the  Asca 
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FIG.  f.  Results  of  slow  positron  Annihilation  measurements,  S 
parameter  vs.  posiuon  energy.  Lnrgcr  S  parameter  tniinales  higher 
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FIG.  4.  Dependence  of  lOK  IR  absorption  at  1.24  cV  on  isochronal  annealing  temperature.  Filled  in  symbols  arc 
for  the  total  neuual  defect  absorption  before  illumination.  Open  symbols  arc  the  ratio  of  absorption  belore/afier  30 
minute  whim  light  illumination,  representing  the  phoioqucnchablc  portion  of  the  defect  absorption. 

(•  IBe]  =10'‘cm  ’,«|Rel  =:10'’cm  h  A  |Bc|  =10"  cm  ♦  |Bcl  =IO'’cm  ’> 
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annealing  stage  at  500°C.  The 
(iependence  of  the  iR  absorption  at 
lliin  on  the  annealing  time  is 
plotted  in  Fig.  5  which  shows  the 
recovery  transient  at  49()''C  of  the 
four  differently  doped  samples. 
The  solid  lines  are  fils  to  the 
annealing  transients.  The 
dc|)cndence  of  the  measured 
ab'orption  A  as  a  function  of  lime  I 
is  given  by; 

A  =  A„  +  Ai  exd  ■  M 

"  '  n  t|  (2) 

where  Ao.  At.  and  T  are  the  fit 
parameters.  An  Arrhenius  plot  of 
T  is  shown  in  Fig.  6  for  the  four 
doping  levels.  The  samples  can  be 
broken  into  two  groups.  The  two 
heavily  doped  samples  give  one  set 
ol  values  for  T  and  the  lightly 
di’ped  samples  another.  For 
increasing  Be  doping  the  general 
trend  it  that  T  becomes  larger,  but 
the  activation  energy  of  the 
recovery  remains  approximately 
constant.  We  find  an  activation 
energy  of  1.7  ±0..^  eV  indicated  by 
the  dashed  line  in  Fig.  6  .  This 
value  for  the  defect  annealing 
activation  energy  in  LTMBF,  GaAs 
is  similar  to  the  1.6  eV  found  in 
fast  neuu-on  irradiated  GaAs  ( 121. 

We  find  that  in  LTMBF  most 
of  the  Asoa-related  defects  anneal 
very  rapidly  at  about  5(lfl°C.  This 
behavior  is  similar  to  the  annealing 
characteristics  of  EL2  in  GaAs 
heavily  damaged  by  plastic 
deformationi  1 3|,  or  fast  neutrons 
1 14).  In  .stark  contrast,  EL2 
defects  in  as-grown  bulk  GaAs 
crystals  are  much  more  stable  and 
anneal  away  only  at  temperatures 
higher  than  KKKrC.  The 
difference  in  the  annealing 
behavior  has  led  to  suggestions 
that  the  EL2-like  defects  in  heavily 
damaged  GaAs  are  defect 
complexes  rather  than  i.solated 
AsGa  defects.  We  would  like  to 
argue  here  that  it  does  not  have  to 
be  the  case. 


Annealing  Tinne  (Min.) 

Fig.  5.  Isothermal  annealing  iransjcmsof  the  \  -2-i  cV  IR  ahsorpuon 
at  4<H)'C  SymN)ls  arc  ihc  experimental  points.  Solid  lines  are  fits  o< 
Eq.  (2)  to  the  data.  tolBel  =  10*^  cm  J  lBe|  =  cm  \ 
A  IRcl  =  !()'»*  cm  \  0  IBcl  =  cm  S 
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Fig.  6.  Arrhenius  plot  of  Ihc  recovery  time  consutnl  til  parameter  for 
the  various  doped  samples.  The  activation  energy  of  the  rccoscry 
process  is  approximately  the  same  for  all  dopings.  1.7  eV,  as 
indicated  by  the  dashed  line.  The  pre-exponential  of  the  recvjvery 
kinetics  depends  on  doping.  (•  |Bel  =  10*^  cm  |Bc)  = 
lO'^cm  \  A  IBcl  =  ’,  ♦  |Bc|  =  It)''' cm  ’) 


Our  positron  annihilation  results  indicate  the  presence  of  in  LTMBE.  In  addition,  it  has 
been  show  that  large  concentrations  of  V{;a  exist  in  neutron  )  I.S)  irradiated  GaAs.  Therefore,  wc 
propose  that  the  presence  of  Voa  acceptors  c"hances  the  low  temperature  (-.S(X)°C)  annealing  of 
AsGa-telaied  defects.  Mobile  Voa  assist  the  diffusion  of  Asoa  in  a  site  exchange  pr(x.'css. 


A-Sfiai  +  VGar  '  ’  Vc;a|  +  Asf;a2 . 


(-b 
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where  1  and  2  denote  two  different  next  nearest  neighbor  Ga  sites.  The  Asoa  defects  are 
annihilated  upon  encountering  an  As  precipitate.  Since  the  Voa  already  exist  in  the  material,  only 
the  energy  of  migration,  Em  must  be  overcome  for  Asoa  diffusion  to  occur. 

In  contrast,  the  concentration  of  V(;a  in  bulk  GaAs  grown  under  equilibrium  conditions  is 
quite  low.  Theoretical  calculations  1 161  estimate  the  |  Vcial  in  stoichiometric  undoped  SI  material  to 
he  -  .S  X  1()>'^  cm'^.  For  diffusion  to  (xcur  in  bulk  malerial.s,  Voa  must  be  created  first.  Both  the 
energy  of  migration,  Em,  and  now  the  energy  i.i  .'omiation,  l-iiv  for  \  oa  must  be  overcome.  Recent 
theoretical  calculations!  i6|  for  Vc.a  in  As  rich  SI  GaAs  give  E|v  =2.5  ±().5eV.  Interpreting  the 
activation  energy  we  measure  as  the  migration  energy,  Em  =  1-7  ±0..7eV,  the  sum  gives  an 
activation  energy  for  diffusion  in  bulk  GaAs  of  4.2±0.i{eV.  Therefore,  Asca  diffusion  in  bulk 
matenal  requires  a  much  higher  temperature  than  for  damaged  materials  in  order  to  create  Vfia. 

A  semi-empirical  model  which  calculates  the  [Voal. necessary  to  promote  the  diffusion  of 
.\SGa  to  As  precipitates  has  been  proposed  concurrently  191.  The  model  considers  spherically 
symmetric  diffusion  of  Asf.a  to  a  precipitate  of  radius  r„.  within  a  finite  volume  defined  by  a  sphere 
of  radius  R  which  is  half  the  mean  .spacing  between  precipitates.  The  assumptions  of  the  model  are 
that  the  precipitate  is  an  infinite  sink,  the  gradient  of  the  AseJa  concentration  half  way  between 
precipitates  is  zero,  and  that  the  diffusivity  is  constant.  This  last  assumption  is  only  valid  for  short 
annealing  times.  The  supersaturated  I  V^al  will  be  decreasing  during  the  course  of  the  annealing  so 
that  the  diffusion  process  will  slow  down.  Experimental  values  taken  from  Fig.  6  for  the  4‘)0“C 
isothermal  annealing  of  the  10'7  env^  doped  sample  are  T  =  20  min  and  Alim  =  1.7  eV. 
Typical  values  of  r,,  and  R  detemrined  from  microscopy  studies  of  precipitates  in  the  layers  are 
-20  X  and  1(X)  X  respectively.  The  concentration  of  Vpa  is  calculated  to  be -10'‘*  cm  V 

This  concentration  of  given  by  the  model  i.>  consistent  with  EPR  measurements  which 
have  shown  that  -5x KO^  cni"^  of  paramagnetically  active  A.sca*  ‘'an  exist  in  LT.MBE  GaAsl4). 

CONCLUSIONS 

We  have  investigated  the  properties  of  as-grown  and  annealed  LTMBE  GaAs.Be.  These 
materials  contain  a  high  concentration  of  excess  As  which  is  incorporated  in  as-grown  material  as 
point  defects,  mainly  AsQa  and  to  a  lesser  extent  V^a.  After  annealing,  the  excess  As  is 
predominantly  in  the  form  of  As  precipitates.  The  Be  occupies  substitutional  sites  but  is 
compensated  by  the  high  concentration  of  point  defects  even  up  to  j  Be)  =  10'7  cm  -^ 

Two  distinct  defect  annealing  stages  were  found  in  these  materials.  At  SIXl^C,  the  PQ  Asca- 
related  defects  anneal  away.  Finally,  after  annealing  at  8fK)°C.  holes  are  activated  to  the  valence 
band.  In  addition,  at  330°C,  non-PQ  A.sfja-related  defects  begin  to  anneal  away.  These  annealing 
stages  are  similar  to  annealing  stages  in  other  defect  containing  GaAs  materials. 

For  the  annealing  stage  at  5(X)°C,  the  activation  energy  was  found  to  be  1.7  ±0.3  eV.  A 
model  of  the  annealing  process  as  Vca  enhanced  diffusion  of  Asca  to  precipitates  is  consistent  with 
the  experimental  results  and  explains  the  lower  thermal  stability  of  Asgd  defects  in  LTMBE  GaAs. 
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CRYSTAL  STRUO URF  OF  FT  GaAs  i.AYf  RS  BFFORF.  AND  AFTFR  ANNFAUNC, 
/u/anna  LIl.IFNTAF-WF.BFR 

Lawrence  Berkeley  Laboratnry,  I  Cyclotron  Rd..  Berkelev.  CA  V4720 
ABSTRACT 

The  slruelural  quality  ol  GaAs  layers  urown  at  low  temperatures  by  solid-source  and  gas- 
source  MBL  at  dilTcrcnt  grow  ih  ctmditions  is  described.  Dependence  on  the  grow  ih  temperature 
and  conccniralion  ol  As  |exprcssed  as  As/Ga  beam  ci|uivalent  pressure  (BFP)l  used  for  the 
growth  is  discussed.  A  higher  growth  temperature  is  required  to  obtain  the  same  monoerystalline 
layer  thickness  w  ith  increased  BEP.  The  annealing  of  these  layers  is  associated  with  the  formation 
of  A.S  prccipitiiles.  Semieoherent  precipitates  with  lowest  formation  energies  are  formed  in  the 
monoerystalline  parts  of  the  layers  grown  with  the  lowest  Bf  .P.  Precipitates  with  higher  formation 
energies  are  formed  w  hen  higher  BFP  is  applied;  they  are  tilso  Idrmed  in  the  vicinity  of  structural 
defects.  Formation  of  As  precipitates  releases  strain  in  the  layers.  Arsenic  precipitates  are  not 
formed  in  annealed  ternary  (InAIAs)  layers  despite  their  semi-insulating  properties.  The  role  of  As 
precipitates  in  semi-insulating  prtiperiies  and  the  short  liletinte  of  minority  carriers  in  these  layers 
is  di’seussed. 

INTRODUCTION 

GaAs  layers  grown  by  molecular-beam  epitaxy  ( MBF)  at  very  low  temperatures  (-  20t)°r) 
(FT)  have  gained  considerable  interest  as  buffer  layers  for  CiaAs  metal-semieonduetor  field  effeet 
transistors  (MFSFF.T's)  due  to  high  resistivity  resulting  m  excellent  device  isolation.'-  By 
appliealion  of  these  layers,  side  gating/baek  gating  can  be  removed.  However,  this  semi- 
insulating  behavior  can  he  obttiined  only  after  annealing.  These  Itiyers  can  be  applied  as  well  as 
surface  passivation  layers.  In  addition,  fast  photodeleetois  can  be  built  based  on  LF-GaAs.  since 
the  minority  carrier  lifetime  in  this  material  is  very  short  (in  the  range  of  a  few  hundred  fsec). 

Fiarlier  studies  by  electron  paramagneiie  resonance  combined  with  optical  absorption'-  ’ 
reveal  It)’"  cm  '  As^^  antisite  defects  in  as-grown  layers,  a  defeet  eoneentralion  that  deereases  at 
least  two  orders  of  magnitude  after  annealing.  These  layers  are  grow  n  from  As  supersaturalion 
and  show  up  to  F.'iT  excess  As.  which  leads  to  '-(I.K;  of  expansion  ol  the  lattice  parameter.  This 
expansion  of  the  lattice  parameter  disappears  after  annealing.  An  important  problem  of  I.T-(.ayers 
IS  the  bieakdown  of  single  crystal  growth  that  is  observed  at  Uhi  low  temperature  and  or  Iiki  high 
As/Cia  ratio  in  the  layer.  Since  usually  a  device  structure  is  grown  on  top  of  the  FT-layers.  their 
crystalline  perfection  is  very  important. 

This  paper  reviews  recent  work  on  the  siruelure  ol  FT-layers,  along  w  ith  new  results  of  a 
systematic  study  ol  different  growth  and  annealing  conditions. 

GaAs  LAYERS  GROWN  BY  MBF 

It  was  noticed  earlier  that  the  crystalline  [Krleetion  o|  the  layers  is  very  sensitive  to  grow  th 
parameters.-’  such  ax  growth  temperature  and  As'Ga  ratio  used  for  the  growth  Joften  called  the 
As/fia  beam  ojuivnlcn'  pressure  (BT;P)).  .Some  diserepaney  in  the  substrate  lem|K’rature 
measurement  is  generally  observed  in  different  laboratories;  therefore  the  same  nominal  growth 
letiiperalure  can  in  reality  mean  ±  .fll-.SV’C  difference.  From  our  own  investigations  of  many 
samples  from  different  laboratories,  the  ones  that  were  In  bonded  to  a  molybdenum  bliKk  during 
growth  show  the  most  repeatable  results. 
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Cii-ncrnlly,  samples  yrown  ai  2(K)“C'  or 
hitcher  on  In  bonded  molybdenum  bhKks  « 
wilh  a  BHP  ol  10  and  a  growih  rale  oT  1  ^ 

pm/h  show  high  eryslalline  perteeikm  up  o 
to  o  um  laver  ihiekness.  With  inercasimz  z 
s:miplc'  thickness,  spccilic  delects,  ctilled  J 
"pvramidiil  delects"  can  he  lormed.  These  [Jj 

sr  o 

pyramidal  delects  were  described  ■  as  ^ 
delects  with  a  well  established  erire  I'riini  3 
which  other  delects,  such  as  secondary 
mierotw'ins,  stacking  faults,  or 
dislocations,  were  formed.  The  thickness 
of  the  perfect  material  decreased 
drastically  with  decreasing  growth 
temperature.  At  the  same  time,  an 
increase  of  As  concentration  is  observed 
in  these  layers.  This  incretise  in  As 
concentration  results  in  the  expansion  of 
the  lattice  parameter  of  the  layer.  The 
dependence  of  the  lattice  parameter 
change  on  excess  As  is  shown  in  pig.  1. 

The  crystal  quality  of  the  GtiAs  LT 
layers  is  very  sensitive  to  any  change  in 
the  growth  tempertiture.  For  example  a 
change  makes  a  noticeable  change  in 
crystal  quality:  an  increased  density  of 
pyramidal  defects  due  to  a  decrease  of  the 
growth  temperature  are  detected  (Fig.  2), 
Formation  of  pyramidal  defects 
must  be  triggered  at  specific  growth 
conditions.  When  the  growth  temperature 
IS  further  dccrca.scd,  the  columnar  growth 
of  pyramidal  defects  is  observed.  This 
columnar  growth  is  easy  to  observe  at 
I  bl)"(  ' lor  the  samples  grown  with  a  BhP 
of  It).  In  these  samples,  a  change  ol  the 
growth  dircctio.i  from  |00l  |  to  |0I  1 1  was 
observed.  The  appearance  of  pyramidal 
defects  can  he  noticed  at  the  periphery  of 
the  wafer  even  when  the  central  part  of 
the  wafer  shows  crystalline  perfection. 
Some  changes  in  the  temperature 
distribution  ticross  the  wafer  are  expected 
despite  the  sample  rotation  during  the 
growth.  The  I.T  layer  thickness  at  which 
the  start  to  appear  decreases  with 
decreasing  growth  temperature.  Such 
changes  arc  very  difficull  to  detect  with 


Fig.  I.  Dependence  of  the  lattice  parameter  expansion 
of  the  LT-GaAs  epilayers  grow n  at  211).  2tll). 
I'A).  and  IX()°C  on  the  excess  As  content  in  the 
layer. 


|•'ig.2.  Plan-view  micrographs  showing  distribution 
of  pyramidal  defects  on  the  surface  of  2  iim 
thick  layer  grown  at:  a)  2I)0°C'-  no  pyramidal 
defectstb)  I'i.^'T  -  some  defects  are  already 
lormed;  c)  I'hTC-  high  density  of  delects,  anil 
d)  I8(T('-  polycryslalline  layer. 
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RMHl'.D  piilKTOs.  The  OcUiits  describing  ihc  ctirrchtiion  between  crystalline  perleclitm  and  the 
leatures  til  RHF.F.D  patterns  w  ill  he  described  separately/ 

II  the  l.r  layer  is  grown  with  a  greater  BFP  than  10.  dilTcrent  temperature  is  required  to 
obtain  nutnoerysialline  material.^  **  Usually,  lor  increased  BEP.  a  higher  growth  temperature  is 
required  to  obtain  the  same  thickness  ormonoeryslallinc  layer  obtained  lor  a  BEP  ol  1 0.  For  a  I  - 
pm  layer  thickness,  the  dependence  on  increasing  in  BEP  is  shown  in  Fig.  .Fa.  Fig..Fb  shows  the 
dependence  ol  monocrystalline  layer  thickness  on  grow  th  temperature  lor  a  BEP  of  20.  Generally 
the  layer  grown  w  ith  the  higher  BEP  can  be  divided  into  three  sublayers:  the  monoerystalline 


F'ig..'.a)  Thickness  ol'  ihe  deleci-lree  layer  as  a  lunelion  of  BliP  lor  it  growth  lemperiiiure  of 
200°C:  b)  I  hickness  of  ihe  dcfecl-lree  layer  as  a  function  of  growth  temperature  for  a 
constant  BEP  of  20. 

sublayer,  Ihe  sublayer,  with  dislocations  and  slacking  faults  which  are  believed  to  be  Ihe  origin  of 
pyramidal  defects,  and  Ihe  third  part,  a  polyerystalline  sublayer.  At  a  particular  monoeryslalline 
layer  thickness  related  to  both  Ihc  growth  temperature  and  the  BEP  ratio,  dislocations  and  slacking 
liwils  begin  to  form.  With  an  increase  in  layer  thickness,  mierolwins  are  formed.  In  these  areas 
void  formation  was  often  observed.  If  the  cap  layer  is  grown  on  top  of  such  a  layer  microtwins 
propagate  through  the  cap  layer,  and  the  surface  of  Ihe  cap  layer  is  usually  undulated. 

I.AVERS  GROWN  BVGAS  SOURCE  MBE 

The  quality  of  Ihe  layers  grown  by  gas  source  MBE  is  comparable  to  that  of  layers  grown 
by  solid-source  MBE  using  As-,.  However,  it  appears  that  a  very  limited  window  in  growth 
eondilion  is  required  to  obtain  monoeryslalline  growth."*  One  mieromeler  of  monoeryslalline 
kiyer  Ihickness  was  obtained  at  24(rC'  at  a  V/lll  ratio  of  .',F,  At  either  a  decreased  or  increased 
ratio,  much  smaller  monoeryslalline  layer  thickness  can  be  obtained.  The  values  of 
montK'ryslalline  layer  thickness  obtained  for  diHereni  V/lll  ratios  are  shown  in  Table  I.  The  layer 
quality  and  delect  distribution  reminds  one  of  Ihe  layers  grown  by  MBE:  at  higher  A.s/Ga  BEP 
ratios. 

The  layers  grown  with  higher  BEP  or  grown  by  gas  MBE  using  As,  do  not  always  form 
pyramidal  defeels,  with  well  established  cores,  slacking  faults,  and  mierolwins  originating  from 
Ihis  core.  However,  Ihe  pyramidtil  defects  that  occurs  in  btith  growth  mtxles  can  be  formed  even 
at  the  nominally  same  growth  conditions.  It  is  believed  that  conditions  for  twining,  which  are 
main  defects  of  pyramidal  cores,  determine  the  formation  of  these  defects. 
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Tilhic  1 

Dc[K'ndi.ncc’  ol  Ihc  miinocrysijillino  layer  thickness  (  i  ervsl.)  on  growth  conditions  for  gas  MBh 


Spec  # 

Species 

LT  thick. 

t  cry  St. 

h 

v/lll 

1  cap 

(pm) 

(urn) 

X' 

ralii) 

(pm) 

1  IS 

As4 

1 

1 

240 

10 

0.  2 

III 

Asi 

(1.8 

II.S 

240 

35 

0.  .4 

12 

As^ 

(1.  7-4 

1 

240 

35 

0.  6 

62 

As. 

(I.  6.4 

1 

240 

35 

- 

11 

As. 

1).  15 

1 

240 

20 

0.  6 

14 

As. 

1).  25 

1 

240 

51 

0.  2 

MODELS  EXPLAINING  THE  BREAKDOWN  IN  CRYSTALLINITY  OF  THE  LT-LAYERS 
There  can  he  several  reasons  lor  the  breakdow  n  ol  eryslalinily  ol  these  lityers.  Eaglesham  el 
al’ '  showed  that  a  transition  I  rom  the  crystalline  to  the  amorphous  stage  can  be  observed  in  Si  and 
GaAs  samples  grown  al  low  temperatures.  Roughening  ol  the  grow  th  surlaee  was  claimed  to  be 
responsible  lor  breakdown  ol  eryslallinity  in  these  layers.  Only  a  particular  single  crystal  layer 
thickness  called  hj.p,.  depended  on  growth  lempertiture  and  growth  rate,  was  observed.  This 
observation  is  not  surprising,  since  the  surface  diffusion  al  such  low  temperatures  is  very  slow. 
At  temperatures  as  low  as  21(TC,  an  abrupt  change  in  the  h^.p,  layer  thickness  was  observed  (from 
.^(1  nm  to  .sOO  nm).  This  lemperature  of  2l(rC  measured  by  Eaglesham'  *  probably  is  similar  to 
IHd'C  described  in  our  work.'’ since  in  our  own  e.vperiments  the  transition  to  the  amorphous  stage 
was  never  observed. 

A  second  reason  for  the  breakdown  of  eryslallinity  may  be  strain  buildup  in  the  layer  due  to 
a  specific  excess  of  As  responsible  for  the  expansion  of  the  lattice  parameter.  Based  on  this 
assumption,  only  a  specific  layer  thicknc.ss.  called  the  'critical  layer  thickness  (h^,)."  can  be  grown 
al  a  given  growth  condition.  Upon  exceeding  this  crilietd  layer  thickness,  at  normal  growth 
temperatures  misfit  dislocations  are  formed  al  the  surface  which  glide  to  the  interface,  relieving  the 
misfit  strain.  However,  at  the  low  growth  temperatures  used  here  dislocation  motion  is  very  slow. 
Therefore,  the  .strain  energy  cannot  be  relieved  by  misfit  disliKalion  formation,  and  results  in 
formation  of  misoriented  GaAs  nuclei  that  lead  to  [«<lveryslalline  growth.  Evidence  for  this 
mechanism  include  dislocations  and  slacking  faults  found  near  the  lop  of  the  crystalline  layer  (  al 
the  origin  of  pyramidal  cores)  that  were  obviously  unable  to  glide  down  to  the  strained  interface. 
The  LT  GaAsepilayer  thicknesses  al  which  the  onset  ol  pyramidal  defects  occur  lie  between  the 
theoretical  critical  layer  thickness  (h^.)  for  pseudomorphie  growth  predicted  by  People  and  Bean'" 
and  by  Matthews  and  Blakeslee.'^  Thus  it  is  possible  that  the  elastic  strain  incorporated  in  the  I.T 
Ga  As  layers  as  a  result  of  the  excess  As  is  responsible  for  the  delects  formed  in  the  layer. 

The  third  retison  for  the  breakdown  of  eryslallinity  may  be  strain-induced  As 
agglomeration.'’  It  is  possible  that  only  a  specific  amount  of  As  can  be  accepted,  and  gives  rise  to 
the  expansion  of  the  (iaAs  lattice  parameter.  Any  further  excess  i>f  As  must  agglomerate  on  the 
surface  of  the  GaAs  layer.  The  As  mieroclusters  could  initiate  the  grow  Ih  of  LT  GaAs  misoriented 
from  the  |(H11 )  direction  and  thus  lead  to  the  breakdown  of  eryslallinity. 

These  last  two  mechanisms  best  explain  our  own  observations.  The  presence  of  strain  in  as- 
grown  layers  has  been  confirmed  by  large-angle  and  classical  convergent -beam  studies.  The 
largest  strain  was  observed  close  to  the  interface  with  a  buffer  layer  grown  al  6(10°C.  The 
convergent-beam  pattern  is  not  cubic  in  this  pan  of  the  layer,  while  the  lop  layer  is  fully  cubic. 
However,  the  top  layer  has  a  different  lattice  parameter  than  the  one  observed  in  the  substrate. 


105 


The  expansion  nl  ihe  laltiee  parameter  eonlirms  earlier  x-ray  sludics.^  '^’  [,arge-angle  eonvergeni 
beam  patterns  conlirm  this  observation  as  well.'  '  and  in  addition  provide  inlormation  about 
dilTerent  lattice  parameters  in  the  areas  close  to  the  interlace  and  close  to  the  surlaec.  Since  mislit 
dislocations  were  not  observed  in  these  parts  of  the  layer,  relaxation  along  Ihe  c  axis  (the  growth 
axis)  can  be  considered.  The  same  change  in  laltiee  partimeter  close  to  the  interlace  and  at  the  lop 
of  the  layer  was  independentiv  observed  by  Kowalski  ei  al  by  x-ray  studies.'^ 

Agglomeration  of  As  can  be  easily  deleeled  in  plan-view  micrographs  at  the  core  of 
pyramidal  dcfeels.^’  This  means  that  As  grains  can  be  easily  found  on  the  top  of  the  growth 
surface.  Diffraction  patterns  confirming  the exisleneeof  As  grains  on  the  lop  of  the  IT  layers  are- 
shown  in  Fig.  4a.  In  addition.  As  agglomerates  al  the  grain  boundaries  of  the  pyramidal  core. 

1  5 

Fig.4.a)  Diffraction  pattern  of  (0001)  As  taken  from  the  lop  of  pyramidal  delect  in  plan-view 
sample;  b)  Moire'  fringe-son  two  precipitates  showing  leclangular  patterns  indicating  strain 
relaxation  on  perpendicular  direction  for  each  precipitate. 

ANNEALED  I7\YERS 

Annealing  ol  the  layers  either  due  to  the  grow  th  of  the  cap  layer  on  Ihe  lop  of  Ihe  LT  layer  or 
due  to  annealing  at  A.s  overpressure  al  .‘'X0'’C  or  higher  leads  to  the  formation  of  As 
precipilates.^’-'^’"^  Formation  of  these  prccipilatcs  is  always  eonneeted  with  a  decrease  in  ihe 
laltiee-  parameter  to  the  substrate  value.  Formation  of  As  preeipitales  leads  li'  Ihe  relaxation  of  the 
slrcss  in  Ihe  maleriiil.  This  can  be  easily  reeogni/ed  from  the  moire'  fringes  formed  on  such 
precipitates  visible  in  plan-view  micrographs,  which  are  very  sensitive  to  Ihe  strain  (Fig.  4b).  It 
has  been  (tiund  that  Ihe  strain  within  the  precipitate  is  strongly  anisotropic,  leading  to  a  lallice 
spacing  compression  in  some  directions  and  expansion  in  other  directions.  The  moire'  fringes  do 
not  form  square  figures,  as  would  be  required  from  two  identical  lattice  spacings  in  the  precipitate 
and  in  Ihe  matrix  such  as  (220)  and  (-220).  The  observed  moire’  patterns  are  rectangular  and 
perpendicular  to  each  other  on  two  adjacent  preeipitales  (Fig.4b).  This  suggests  that  as  soon  as 
one  precipitate  is  formed  to  relax  the  strain  in  one  crystallographic  direction  (scmicohercnl 
prceipilalc).  immediately  the  other  precipitate  is  formed  to  relax  the  stress  in  Ihe  perpendicular 
direction.  Such  an  arrangement  of  precipitates  leads  almost  to  complete  strain  relaxation  in  Ihe 
annealed  layers. 

The  size  of  these  precipitates  and  their  distribution  appear  to  be  related  to  Ihe  growth 
parameters  and  annealing  treatment.  However,  it  is  not  very  clear  which  growth  parameters 
inlluence  the  original  size  tif  A.s  precipitates  in  the  monocrysialline  pari  of  the  layer.  For  nominally 
similar  growth  parameters  and  annealing  conditions,  different  sizes  of  As  precipitates  can  be 
observed."*  and  it  is  believed  that  the  As/Ga  ratio  used  during  the  growth  can  innuence  such 
behavior.  For  monocrysialline  2-nm-thick  layers  grown  al  2IK)°C  with  a  BEP  of  10.  where 
conglomeration  of  As  was  not  observed  in  as-grown  layers,  only  small  (2-4  nm  in  diameter), 
uniformly  distributed  As  precipitates  formed  after  annealing  for  10  min  al  6(K)°C  in  As 


overpressure  (Fig.  5;i).  In  plan-view  samples  Ihese  As  preeipilales  appear  as  senii-euhie  and  give- 
rise  lo  ihe  extra  spots  very  close  to  <22(l>  matrix  relleelions  (Fig.  .'h).  11  a  .v/r  orientation 
relationship  typical  for  semicoherent  ''hexagonal’'  preeipilales  is  ealeultiled  lor  the  |OI)l  |  direction, 
similar  extra  spots  elo.se  lo  <220>  matrix  spots  form.  2  herefore.  it  is  rather  believed  that  small 
precipitates  can  he  as  well  hexagonal  precipitates.  Uoweeer.  one  feature  in  the  diffraction  pattern 
differentiates  the.se  small  precipitates  (2-4  nm)  from  the  large  ones  (-11)  nm);  diffuse  scattering 
close  to  <2tlO>  matrix  relleelions.  This  feature  does  not  exist  for  larger  preeipilales.  The  position 
ol  these  dillused  scattered  relleelions  changes  with  specimen  till,  and  therefore,  they  can  be 
considered  as  shape  factor  (ealures  for  small  precipitates.  I  heoretieal  calculations  are  in  progress 
lo  confirm  this  assumption. 


Fig.  ."i  a)  A  small  precipitate  in  ((Kll)  projection  which  ap(iear  as  "semi-cubic."  Calculation  of  Ihe 
diffraction  pattern  gives  agreement  for  .semicoherent  hexagonal  precipitates  with  .'  m 
orientation  relationship.Nole  an  incla.siically  scallcrcd  rellcctions  located  near  <2(K)>  matrix 
relleelions  .shown  in  b)  ehar.icteristic  only  for  these  small  precipitates. 

Fig.6.  Cross-section  micrograph  showing  distribution  of  As  precipitates  and  their  increased 
diameter  for  the  layer  thickness  where  structural  defects  start  to  form. 


For  samples  grown  at  lower  temperatures  with  a  BFP  of  10,  where  py  ramidal  defects  are 
formed,  the  same  small  precipitates  are  formed  in  the  monocryslalline  pan  of  the  lay  er,  and  much 
larger  preeipilales  form  in  the  vicinity  of  other  delects.  Fhe  annealing  docs  not  change  the 
arrtmgemcnl  of  existing  structural  defccl.s.  but  they  arc  goorl  passes  for  As  diffusion. 

For  samples  grown  with  a  higher  A.s/Ga  BEP  ratio,  if  a  cap  layer  was  grown  on  lop  of  Ihe  LT 
layer.  As  precipitates  were  formed  in  all  three  parts  of  the  layer.  In  the  monocryslalline  part  of  the 
layer.  As  precipitates  with  a  diameter  much  largei  than  those  equivalent  observed  lor  a  BEF  of  10 
were  found.  A  slight  increase  in  their  diameter  was  observed  with  increased  layer  thickness, 
suggesting  an  increase  of  As  conccmralion  in  the  up|Kr  part  of  the  layer.  The  larger  precipitate 
si/e  can  he  related  lo  the  fad  that  a  noliceabic  si/c  of  As  agglomcr;ilion  (-(),,“'  nm)  was  already 
noticed  for  the  a,s-grown  layer  grown  with  a  A.s/Ga  BEP  ratio  of  40,  This  w  as  never  observed  for 
the  layers  grown  with  a  BEP  of  10,  at  for  which  it  is  believed  that  all  As  is  dispersed.  The 
precipitates  formed  in  the  vicinity  of  structural  defects  show  drastic  increase  in  si/c  (see  Fig.  b). 

In  Ihe  layers  grown  by  gas  source  MBE  using  As,  the  growth  of  the  cap  layer  leads  to  the 
formation  of  As  precipitates.  Theirs  si/e  and  distribution  is  similar  to  the  ones  described  above 
grown  with  a  higher  BEP. 

Identification  of  As  precipitates  come  from  both  diffraction  patterns  obtained  from  samples 
with  precipitate  sizes  close  lo  10  nm  and  high-resolution  imaging.'’- Fligh-rcsolulion  images 
especially  in  (110)  projection  (Fig.  *ia)  allowed  us  lo  determine  that  (000.4)  planes  of  As  lie  almost 
parallel  lo  {111}  planes  of  GaAs.  with  |-I2-I0|p  1|  |0I1|^.  The  possible  number  of 
cryslallographically  equivalent  variants  of  an  orientation  relationship,  i.e..  their  multiplicity,  was 
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dclcrmincd  Iriim  symmetry  ainsldcraiiims.  It  was  lound  nut  that  dm  iirientation  relationship 
exists  lor  these  preeipitales  with  lour  equivalent  varitinis.  This  orientation  relationship  has  the 
highest  symmeUy  attainable  by  eombininn  eubie  matrix  and  hexagonal  preeipitale  struetures.  and 
it  provides  the  lowest  interl'aeial  and  elastie  energies.  Onl\  by  taking  into  aeeount  all  lour  variants 
ol  these  precipitates  can  lull  agreement  between  an  ex(K  riniental  and  ealeultited  dilTraetion  pattern 
be  obtained. 

The  knowledge  nl  the  orientation  relationship  is  necessary  to  realize  that  imaging  ol  the 
precipitates  in  ihe-iwo  beam  condition  which  is  usually  used  I'or  the  determination  ol  density  ol' 
the  precipitates  in  the  I  T  layer-'*  makes  only  a  Iraelion  ol  these  precipitates  visible.  This  was 
already  shown  in  our  previous  paper**'  where  two  perpendicular  two-beam  conditions  were 
iipplied,  for  imaging  of  the  same  area  of  the  santple  containing  preeipitales  and  completely 
different  preeipitales  give  rise  to  the  contrast  in  this  two-imaging  conditions.  Therefore, 
determination  of  the  density  of  precipitates  based  on  such  imaging  conditions  can  lead  to 
substantial  mistakes. 


big.  7.  Arsenic  preeipitales  with  their  different  orientation  relationship:  a)  .d  w.  b)  twin-  .d  m:  e) 

2mm;  and  d)  m. 

Besides  these  precipitates  with  .dm  orientation  relationship  of  low  liirmalion  energy  more 
complicated  precipitates  were  ttbserved.  Twinning  within  the  preeipitales  can  often  be  observed 
(big.  7b).  The  twin  formation  does  not  change  the  observed  .dm  orientation  relationship; 
however,  their  energy  formation  can  be  slightly  larger  than  for  the  simple  .dm  orientation.  Twin 
formation  in  a  hexagonal  structure  is  rarely  allowed,  since  twining  would  not  change  the 
hextigontil  arrangement  of  the  planes.  Therefore,  one  needs  to  remember  that  As  has 
rhomhrrhedral  structure,  where  twinning  is  allowed,  and  only  for  simplicity  can  it  be-  eaiieu 
hexagonal.  Such  twinned  precipitates  were  often  found  in  the  vicinity  of  other  delects  or  in  the 
monoeryslalline  part  of  the  l.'b  layer,  which  htid  precipitate  diameters  at  least  It)  nm  or  larger. 
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I  hcrcliiri.'.  il  is  bclicviid  Iho!  somcconglomcnilHin  of  Ascxislod  in  ;is-griiwn  layers  in  these  parts 
111  the  niiiterial.  which  eontrihuted  to  the  ItK'al  strain  (itr  lueal  strain  trom  the  deleet),  leading  tn 
higher-ldrmaticin-energy  precipitates  in  annealed  samples. 

Formation  (iT  precipitates  with  higher  lormtilion  energy  for  samples  grow  n  with  A.s/Ga  BEP 
ratios  of  1 0,  was  observed  in  the  part  ol  the  layers  with  deleets  such  as  dislocations  and  stacking 
laults.^’-'^  Especially  in  those  layers  grown  either  w  ith  higher  BF.P  or  grown  by  gas  source  MBE. 
2iiiiii  (Fig.  7e)  or  m  (Fig.  7d)  orientation  relationships  were  observed  even  in  the 
montterystalline  parts  ol  the  layers,  where  generally  a  much  larger  precipitate  si/e  was  ob.served 
compared  to  these  layers  grown  with  a  BF.P  ol  10.  Six  sarianls  ol'  the  pieeipitates  with  th^  in/n 
orientation  relationship  and  1 2  variants  of  the  precipitates  w  ith  in  orientation  was  determined. 

Since  the  higher  lormalion  e'nergy  is  required  lor  the  lormation  ol  such  precipitates,  it  is 
believed  that  the  local  crystal  arrangement,  most  possibly  inlliieneed  either  by  local  strain  or 
agglomeration  ol  As  in  as-grown  layers,  may  be  responsible  I'or  the  lormation  of  lhe.se  high- 
formation-energy  precipitates.  It  appears  that  annealing  alone  does  not  lead  to  the  formation  of 
precipitates  with  higher  formation  energy.  This  hypothesis  were  confirmed  by  isochronal 
annealing. 

Isochronal  annealing  of  the  layers  grown  at  20(E('  with  a  BEP  of  21)  results  in  a  drastic 
incrca.se  in  precipitate  si/c,  with  a  substantial  faceting  ol  these  precipitates  (Fig.  8).  Only  small 
precipitates  (-  5nm  in  diameter)  were  observed  in  the  first  stage  of  annealing  due  to  the  grow  th  ol 
the  cap  layer  at  580°C  (Fig.  lOa).  This  sample  was  cut  into  pieces  and  each  piece  annealed  tin  20 
min  at  75()°C.  85()°C.  and  f)50°C.  Faceting  and  increased  precipitate  si/e  (Fig.  8  b.e.d)  was  the 
result  of  annealing.  Their  crystallographic  configuration  did  not  change  due  tti  annealing. 
Formation  of  faceted  precipitates  in  the  momKrystalline  part  of  the  layer  is  a  direct  result  of 
annealing  from  the  small  precipitates  uniformly  distributed  within  the  layer.  The  orientation 
relationship  with  the  matrix  remains  .^/n.  This  allows  us  to  conclude  that  local  crystal 
arrangement  intlueneed  by  strain  must  be  responsible  lor  the  formation  of  precipitates  w  ith  higher 
formation  energy. 

Due  to  annealing  at  higher  temperatures,  outdiffusion  of  As  in  both  directions,  i.e.  U'  the 
surface  and  to  the  substrate,  was  noticed.  This  outdiffusion  of  As  through  the  cap  layer  to  the 
surfiicc  lead  to  the  lo.ss  of  material;  as  a  result  a  very  undulated  surface  was  established.  Deep 
diffusion  in  the  direction  of  the  substrate  leads  to  the  formation  of  As  precipitates  about  0..7  pm 
below  the  original  interface.  This  observation  show  that  in  order  to  keep  constant  concentration  ol 
As  precipitates  in  the  LT-layer  or  to  avoid  As  doping  of  the  layers  iidjaeenl  to  the  LT  layer  some 
diffusion  harriers  need  to  be  introduced.  Three  distinct  rows  of  the  large  precipitates  formed 
within  the  original  LT  layer.  This  arrangement  of  As  precipitates  reminds  us  very  much  of  the 
distribution  of  As  precipitates  in  AlAs/GaAsquanlum  wells;-*'  however,  in  our  ease.  AlAs  layers 
were  not  introduced.  Formation  of  these  rows  is  most  prol-’bly  inllueneed  bv  the  diffusion  length 
of  As  within  I.T  GaAs  layer. 

t[:rnary  compounds  grown  at  low  temperai  ures 

The  structural  quality  of  ternary  compounds,  such  as  InAlAs  grown  at  low  leni|ieratures 
reminds  us  very  much  of  the  structure  of  LT  (iaAs  and  are  described  in  detail  in  this  volume.- ' 
'The  layers  grown  at  the  lowest  temperatures  (-  l,‘'()'’C)  have  a  high  density  of  pyramidal  defects. 
However,  at  a  speeifie  growth  temperature,  a  CuPt  type  of  ordering  on  (111)  planes  can  be 
delected  In  these  layers,  resulting  in  a  special  arrangement  of  diffuse  scattering.  This  diffuse 
scattering  can  he  explained  due  to  the  formation  of  very  small  domains.  However,  annealing  of 
these  layers  does  not  lead  to  the  formation  of  As  preeipilaies,  as  was  observed  in  the  GaAs  LT 
layers. 
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TllF,  ROLH  OF  As  PRECIPITATFS  IN  THE  ELECTRONIC  PROPERTIES  OF  FT  LAYERS 

An  absence  ol  As  precipilales  in  annealed  LT-lnAIAs  layers  is  very  imporlanl  in  order  lo 
understand  the  role  ol  As  precipilales  in  ihe  electronic  properties  ol  all  LT  layers.  It  has  been 
suggested  lhal  melallie  As  precipitates  might  lorm  "buried  Sehotlky  barriers"  with  carrier- 
depletion  regions  around  Ihem.-'  E'or  high  preeipiiale  density,  these  depleted  regions  would 
overlap  and  lead  lo  the  isolation  properties  ol  these  lasers,  (in  the  other  hand,  temperature- 
dependent  eonduelivily  measurements  indicate  lhal  Ihe  eleeironie  properties  ol  both  semi- 
insulating  GaAs  and  LT-GaA.s  are  controlled  by  mid-gap  FL2-like  delects,  which  are  believed  to 


Fig.  b.  Isochronal  annealing  ol  the  l.T-GaAs  layer  grtiwn  at 
2HTC  with  BEP  ol  2(1:  a)  growth  I'l  cap  layer  causing 
lormation  ol  unildrmly  distributed  As  precipilales:  the  lower 
and  upper  inlerlace  with  LT-layer  is  marked:  b)  sample 
shown  in  a'  annealed  lor  2(1  min  at  7.S()“C  in  As 
overpre.ssure;  e)  sample  shown  in  'a'  annealed  lor  20  min  at 
85(I‘’C  in  As  overpressure:  d)  sample  shown  in  'a'  annealed 
lor  20  min  at  0.s()°C'  in  As  overpre.ssure.  Note  As 
ouldilTusion  and  surlace  undulation  with  increasing 
temperature. 


be  As-anlisile  defects.-'’  -'’  The  observations  made  here  for  LT- 
GaAs  are  consistent  with  either  model.  Hirwever,  the  lael  lhal 
As  precipitates  are  not  formed  in  Ihe  annealed,  semi-insulating 
LT-InAlAs  layers  suggests  lhal  deep-level  defects  might  play  an 
important  role  in  understanding  of  semi-insulating  behavior  of 
LT  layers. 
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Another  imporltinl  problem  is  to  understand  the  role  ol  deleels  on  the  lil'elime  ol  minority  carriers 
in  the  LT  layers.  There  are  some  reports  that  the  liletime  can  be  as  short  as  2t)l)  Isee.  but  there  is 
no  systematic’  study  to  determine  if  As  precipitates  make  this  liletime  so  short  or  if  pyramidal 
defeets  ean  play  an  important  role  as  well.  A  few  of  our  own  observations  show  that  the  shrntesl 
reported  life  times  are  for  samples  where  pyramidal  defeets  are  present.-^  This  observation  is  not 
surprising,  since  carrier  recombination  on  slrueiural  defeets  such  as  dislocations,  stacking  faults, 
and  microtwins  is  well  known.  However,  our  recent  observations  show  that  very  short  liletime. 
(601)  fsec)can  be  obtained  for  samples  without  pyraniidiil  defeets.-’^  The  l-pm-lhiek  sample  had 
uniformly  distributed  preeipitales  with  an  average  dhimeier  of  0  nm  and  a  density  of  x  It)'' 
cm  '.  For  a  sample  with  approximately  the  same  diameter  but  with  a  O.s-pm  lop  layer  and  a 
density  of  precipitates  three  times  higher  the  lifetime  increased  more  than  one  order  of  magnitude. 
However,  this  sample  had  a  I.T-sublayer  adjacent  to  the  substrate  wan  ,ui  extremely  low  density 
of  precipitates,  and  it  is  not  clear  how  to  combine  the  role  of  these  two  sublayers  in  order  to 
understand  the  precipitate  inlluence  on  the  carrier  lifetime.  If  only  the  same  top  sublayers  are 
considered  in  both  samples,  one  would  eonelude  that  a  higher  density  of  preeipitales  elongates  the 
lifetime  of  minority  carriers.  This  would  mean  that  very  distinct  density  of  precipitates  is  required 
to  obtain  the  shortest  possible  lil'elime  or  that  other  mechanism  is  playing  an  important  role. 
Further  study  is  necessary  in  order  to  understand  the  role  of  precipitates  and  the  role  of  point 
delects  in  this  material. 

CONCLUSIONS 

The  structure  of  LT-GaAs  layers  was  described.  It  was  show  n  that  the  slrueiural  quality  ol 
the  layers  is  very  sensitive  to  growth  parameters,  such  as  growth  temperature  and  ,As/Ga  beam 
equivalent  pressure  used  for  the  growth.  For  a  BFiP  of  ID  and  a  growth  rale  of  Ipm/h.  high 
montxtryslalline  perfection  of  the  layer  can  be  obtained  lor  grow  th  at  2(U)°C  and  layer  thicknesses 
up  to  3  (tm.  Breakdown  of  crystallinity  is  observed  for  the  layer  thickness  above  .'s  pm.  So-called 
pyramidal  delects  are  formed  in  the  subsurface  areas.  .Similar  delects  are  formed  il  this  growth 
temperature  decrea.se.s.  At  lower  growth  temperatures  higher  As  eoneeniralions  ean  be 
incorporated,  and  only  a  smaller  layer  thickness  of  high  crystalline  perfection  ean  be  grown.  At 
even  lower  growth  temperatures,  the  layer  is  polyerysialline.  with  As  segregated  at  the  grain 
boundaries.  The  as-grown  layers  are  strained,  and  the  strain  was  considered  as  one  reason  lor  the 
breakdown  of  crystallinity  of  these  layers.  Some  other  reasons  for  the  breakdow  n  of  crystallinity 
were  discussed  as  well. 

For  layers  grown  at  higher  As/Ga  BFP  ratios  a  higher  growth  temperature  is  required  to 
obtain  similar  crystalline  perfection. 

The  quality  of  the  layers  grown  with  gas  MBli  using  As,  is  very  similar  to  those  obtained 
with  As,,;  however,  it  appears  that  a  very  specific  As/Gti  ratio  must  he  applied  in  order  to  maintain 
the  high  crystalline  quality.  For  higher  and  lower  ratio  the  monocrystalline  layer  thickness 
decreases  dramatically. 

The  semi-insulating  properties  of  these  malernils  are  observed  only  after  annealing.  The 
annealing  is  generally  part  of  the  subsequent  growth  of  ;i  device  structure  at  ,SS0-6D()“C  on  top  of 
the  LT-GaAs  layers.  The  annealed  layers  show  a  decrease  in  lattice  ptirameler  compared  to  that  of 
the  substrate,  a  change  accompanied  by  the  formation  of  a  high  density  of  small  As  precipitates. 
These  precipitates  are  .semi-coherent,  and  they  are  of  the  lowest  formation  energy  that  exists  to 
accommodate  hexagonal  and  eubte  structure  together.  The  formation  of  these  As  precipitates  is 
connected  with  the  strain  relaxation  in  these  layers.  These  kinds  of  precipitates  are  formed  in  the 
monoerystalline  parts  of  the  LT-layers  grown  with  low  As/Ga  BEP  ratios.  If  a  higher  BF.P  ratio  is 
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used,  a  more  melaslable  eonliguralion  ol  ihese  preeipilales  lorms.  vvhieh  requires  higher 
lornialion  energies.  Similarly,  high-lormaiion-energy  preeipilales  are  lormed  in  ihe  vieinilv  ol 
siruclural  deleels  even  in  Ihe  annealed  layers  grown  wilh  BhP  ralios  ol  10.  Therelore.  il  is 
believed  that  ihe  loeal  erystal  strain  influenees  the  lornialion  ol  the  preeipilales  with  higher 
lornialion  energy.  The  role  ol  As  preeipilales  in  ihe  eleeironie  properties  ol  these  lasers  is  not 
lully  understood:  however,  an  inlcresling  model  ihai  suggesis  carrier  deplelion  around  ihem  ("ihe 
buried  Seholtky  harrier  model")  was  proposed  as  explanation  of  the  semi-insulating  properties  ol 
these  materials.-^ 

In  the  present  vscirk  it  was  shown  that  short  lilelime  (tsOO  Isee)  ol  mlnorily  carriers  can  be 
obtained  in  monoerysialline  l.T-OaAs  layers  with  a  high  densiis  ol  /Vs  preeipilales.-^  Further 
studies  are  needed  to  distinguish  belsseen  the  role  ol  point  deleels  and  As  preeipilales  in  these 
laiers. 

The  growth  ol  ternary  compounds  (ln/\IAs)al  low  lemperalure  appears  more  complex,  but 
at  a  speeilie  growth  temperature  an  ordering  on  ( 1 1  I )  planes  can  he  lormed.  Such  ordering  can 
decrease  minority  carrier  sealler'iig  and  can  change  the  band  structure  ol  the  material;  ihercrorc. 
inlcresling  applicalions  can  be  considered  lor  these  layers.  These  layers  diller  Irom  I.T-Cia/Vs  alter 
annealing,  since  As  precipitates  were  mil  observed  alter  annealing.  In  this  way  "the  buried 
Schoilky  barrier''  model  can  be  tested  as  a  general  model  lor  understanding  scmi-insulaiing 
behavior  ol  IT  layers.  Two  competing  models  used  ;  "the  buried  Seholtky  barrier"  model-^  tind 
the  model  with  deep  level  point  deleels.- '  to  understand  semi-insulating  properlies  ol  l.T- 
GaAs  layers  cannot  be  rejected  at  the  moment  but  onlv  the  second  mixlel  can  he  applied  to  IT- 
InAIAs  layers. 
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ABSTRACT 

Excess  arsenic  can  be  incorporated  in  GaAs  and  AlGaAs  epilayers  by 
growing  at  low  substrate  temperatures  (LT-GaAs  and  LT-AIGaAs)  by  molecular 
beam  epitaxy  (MBE).  Upon  annealing  these  epilayers,  the  excess  As  precipitates 
forming  GaAs;As  and  AlGaAs;As.  Using  transmission  electron  microscopy  (TEM). 
we  have  measured  the  densities  and  sizes  of  the  As  precipitates  and  thereby 
determined  the  amount  of  excess  As  incorporated  in  these  epilayers.  The  volume 
fraction  of  excess  As  as  a  function  of  inverse  substrate  growth  temperature  follows 
an  Arrhenius-type  behavior  with  an  activation  energy  of  0.87  eV.  The  sizes  of  the 
As  precipitates  increase  and  the  densities  decrease  with  increase  anneal 
temperatures;  for  Si-doped  GaAs:As  this  results  in  n-type  material  when  the 
densities  become  small  enough  that  the  depletion  regions  around  the  As 
precipitates  no  longer  overlap.  Also  investigated  is  the  formation  of  As  precipitates 
at  GaAs/AIGaAs  heterojunctions  and  superlattices,  and  our  attempts  to  tailor  the 
As  precipitate  distribution. 


INTRODUCTION 

Typical  MBE  of  GaAs  is  at  substrate  temperatures  of  about  600°C.  At  this 
substrate  temperature,  for  high  quality  stoichiometric  films  an  As4/Ga  flux  of 
somewhat  greater  than  10  is  necessary  [1],  If  one  maintains  such  an  excess  flux 
of  As  but  reduces  the  substrate  temperature  to  200-250°C,  as  much  as  1%  excess 
As  can  be  incorporated  into  the  film  [2J.  This  excess  As  is  incorporated  in  the  form 
of  As  anti-sites  and  interstitials;  the  interstitial  As  results  in  an  increase  in  the  lattice 
constant  of  the  film  (2-5],  Upon  annealing  this  highly  non-stoichiometric  material  at 
temperatures  of  600®C,  the  lattice  constant  approaches  that  of  highly 
stoichiometric  GaAs  [2-5],  Furthermore,  as  determined  by  electron  paramagnetic 
resonance,  the  amount  of  As  anti-site  defects  falls  below  the  detectability  limit  after 
such  anneals  [2,6],  Original  TEM  studies  of  such  annealed  films  indicated  no 
difference  in  contrast  between  the  substrate  and  epilayer,  similar  dislocation 
densities,  and  no  additional  defects  [2,6]!  This  was  indeed  a  puzzle  because 
where  had  all  the  excess  As  gone?  When  we  performed  TEM  studies  of  our  GaAs 
films  that  had  been  grown  at  250°C  we  found  that  upon  annealing  at  600°C  our 
excess  As  was  forming  precipitates  with  an  average  diameter  of  50  A  and  a 
density  of  1x101^  cm-3.  This  is  what  happens  to  the  excess  As  in  all  such 
annealed  material  [7-10]  including  AlGaAs  [11].  Also,  very  similar  behavior  is 
observed  both  structurally  [12]  and  electronically  [13]  if  the  dimer  species  As2  is 
used  for  MBE  instead  of  the  tetramer  AS4. 


Mai.  Has,  Soc  S/mp.  Proc.  Vol,  241.  1S92  Materials  Research  Society 


114 


Having  such  a  large  concentration  of  As  precipitates  in  a  GaAs  matrix 
(GaAs:As)  has  to  play  an  important  role  in  the  electrical  [14]  and  optical  properties 
[15,16]  of  GaAs:As.  Therefore  the  factors  controlling  the  final  si7e3  and 
distributions  of  the  precipitates  are  important.  In  this  paper  we  investigate  how  the 
substrate  temperature  affects  the  incorporation  of  the  excess  As  in  GaAs  and 
AIGaAs  and  how  the  anneal  conditions  affect  the  formation  of  the  As  precipitates. 
We  also  look  at  the  formation  of  precipitates  at  AIGaAs/GaAs  heterojunctions  and 
superlattices,  and  methods  to  control  the  distribution  of  As  precipitates. 


TYPICAL  FILM  GROWTH  AND  ANNEAL  PROCEDURES 

The  films  used  in  this  work  were  grown  in  Varian  GEN  II  MBE  systems  on 
two-inch  diameter  substrates.  Growth  rates  were  typically  1  pm/h  for  both  AIGaAs 
and  GaAs  layers.  This  was  accomplished  for  AIGaAs/GaAs  heterojunctions  and 
superlattices  by  the  use  of  two  Ga  effusion  furnaces.  Films  were  grown  using 
either  the  dimer  Asa  or  the  tetramer  As4  with  similar  results  except  the 
incorporation  of  the  As  is  more  efficient  when  using  Asa  [12].  Typical  group  V  to 
group  111  beam  equivalent  pressures  used  were  20.  as  measured  with  an  ion 
gauge  in  the  substrate  growth  position.  Film  growth  started  with  a  GaAs  buffer 
layer  grown  at  a  substrate  temperature  of  6000C.  The  buffer  layers  typically 
ranged  in  thickness  from  0.5  pm  to  1.0  pm.  After  growing  the  buffer  layer,  the 
substrate  temperature  was  reduced  to  200  to  2S0°C  while  continuing  to  grow 
GaAs.  This  results  in  a  0.25  pm  temperature  transition  region.  After  film  growth  at 
low  substrate  temperatures,  different  methods  were  used  for  annealing.  One 
anneal  procedure  was  in  the  MBE  system  under  the  group  V  flux  at  a  temperature 
of  600°C  for  1h  The  other  method  used  for  annealing  was  in  a  rapid  thermal 
annealer  (RTA).  The  RTAs  ranged  in  temperature  from  600^C  to  900°C  for  30  s. 


SUBSTRATE  TEMPERATURE  DEPENDENCE  OF  ARSENIC  INCORPORATION 

As  might  be  expected,  the  incorporation  of  excess  As  is  a  strong  function  of 
the  substrate  temperature  during  MBE  [11].  To  investigate  i.iis  substrate 
temperature  dependence  of  incorporation  of  excess  As,  the  following  experiment 
was  performed.  After  lowering  the  substrate  temperature  to  225°C.  0.25  pm  of  LT- 
GaAs  was  grown,  then  the  substrate  temperature  was  quicKly  ramped  by  25°C. 
This  temperature  ramping  occurred  in  about  one  minute  corresponding  to  growth 
of  about  1 50  A.  After  growing  another  0.25  pm  of  LT -GaAs  at  250oC.  the  substrate 
temperature  was  again  ramped  by  25°C.  This  process  was  continued  till  a  0.25 
pm  LT-GaAs  layer  was  grown  at  a  substrate  temperature  of  3500C.  The  substrate 
temperature  was  then  ramped  to  GOO^C,  the  growth  terminated,  and  the  sample 
annealed  for  1h. 

The  results  of  the  TEM  analysis  of  this  film  are  shown  in  Table  1,  Fig.  1,  and 
Fig.  2.  As  the  substrate  temperature  is  increased,  there  is  a  decrease  in  the 
density  and  diameter  of  the  As  precipitates.  Furthermore,  the  plot  of  the  natural 
logarithm  of  the  relative  volume  fraction  of  As  precipitates  versus  the  inverse  of  the 
substrate  growth  temperature  in  Fig.  1  indicates  an  Arrhenius-type  relationship 
corresponding  to  an  activation  energy  of  0.87  eV  [12).  A  typical  distribution  of  As 
precipitate  sizes  is  shown  in  Fig.  2  for  the  0.25  pm  portion  of  the  film  that  was 
grown  at  a  substrate  temperature  of  250OC. 
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Table  I.  Relative  arsenic  precipitate  density  and  average  diameter  as  a  function  of 
substrate  growth  temperature,  and  the  corresponding  relative  volume 
fraction  of  arsenic  in  precipitates.  The  densities  and  therefore  the  volume 
fractions  are  relative  values  because  only  a  portion  of  the  arsenic 
precipitates  was  included  in  the  measurements. 


Temperature 

(°C) 

Relative 
density 
(xIO''®  cm'3 ) 

Diameter 

(A) 

Relative  volume 
fraction 
(xlO-3  ) 

225 

4.3 

74 

3.410 

250 

3.9 

55 

0.951 

275 

1.7 

61 

0.635 

300 

0.78 

76 

0.556 

325 

0.52 

46 

0.077 

350 

0.39 

29 

0.016 

Fig.  1  Relative  arsenic  precipitate 
volume  fraction  as  a  function 
of  inverse  substrate  growth 
temperature. 


0  10  20  30  40  50  60  70  80  90100 
Diameter  (A) 

Fig.  2  Size  distribution  of  As 
precipitates  for  the  layer 
grown  at  a  substrate 
temperature  of  250OC  and 
annealed  for  1  h  at  6000C. 


EFFECT  OF  ANNEAL  ON  PRECIPITATE  FORMATION 


The  effects  of  temperature  of  anneal  on  the  formation  of  As  precipitates  was 
investigated  using  rapid  thermal  anneals  (RTA).  The  film  used  was  a  Si-doped 
LT-GaAs  layer  grown  at  a  substrate  temperature  of  25000:  the  Si  concentration 
was  5x10''®  cm  ®.  Only  the  LT-GaAs  was  doped  and  the  sample  was  grown  on  a 
semi-insulating  substrate  so  that  the  electrical  properties  of  the  LT-GaAs  could  be 
monitored  as  a  function  of  the  anneals.  The  sample  was  then  removed  from  the 
MBE  system  after  growth  of  the  LT-GaAs  without  any  other  high  temperature  steps. 
The  sample  was  cleaved  so  that  different  anneals  could  be  performed.  RTAs  were 
performed  for  30  s;  samples  were  annealed  at  temperatures  of  700°C  800°C  and 
900OC. 
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Shown  in  Fig.  3  are  the  cross-sectional  TEM  images  of  the  samples 
annealed  at  700°C  and  900°C.  The  samples  were  prepared  by  ion-milling  and 
are  wedge-shaped.  Therefore  the  thickness  contours  seen  in  Fig.  3  resulted  from 
the  dynamical  diffraction  effect.  The  different  spacings  of  the  thickness  contours  in 
the  two  images  are  due  to  their  different  shapes  and  the  fact  that  the  extinction 
distance  of  200  kV  electrons  in  GaAs  for  the  (111)  reflection  is  545  A.  As  the 
anneal  temperature  increases,  the  average  size  of  the  precipitates  increases  while 
the  density  decreases.  These  results  are  summarized  in  Table  II.  For  each  anneal 
temperature,  approximately  the  same  volume  fraction  of  As  was  obtained. 
Therefore  even  at  the  lowest  temperature  anneal,  30  s  was  long  enough  for  the 
excess  As  to  incorporate  into  precipitates.  With  higher  anneal  temperatures,  the 
coarsening  of  the  precipitates  has  proceeded  further  during  the  30  s  duration  of 
our  anneals.  Furthermore,  as  the  precipitate  density  decreases  with  increased 
anneal  temperature,  the  films  begin  to  exhibit  n-type  conductivity  as  determined  by 
Hall  measurements.  This  is  a  result  of  the  depletion  regions  around  the 
precipitates  no  longer  overlapping  as  their  density  decreases.  Our  observations  of 
the  onset  of  n-type  conductivity  of  Si-doped  LT-GaAs  with  increase  temperature  of 
a  RTA  are  similar  to  that  previously  reported  by  Schaff  [17]. 

Table  II.  Effects  of  temperature  of  a  30  second  rapid  thermal  anneal  on  As 
precipitate  formation. 


Anneal 

Temperature 

Average 

precipitate 

diameter 

(A) 

Average 

inter-particle 

spacing 

(A) 

Precipitate 
Density 
(x10'*6  cm-3) 

Precipitate 

Volume 

Fraction 

700OC 

70 

225 

8.7 

0.015 

800OC 

150 

475 

0.93 

0.016 

900OC 

200 

675 

0.325 

0.013 

Fig.  3a  TEM  image  of  an  LT-GaAs  sample  which  was  annealed  at  700°C  for  30  s. 


Fig.  3b  TEM  image  of  an  LT-GaAs  sample  which  was  annealed  at  900oC  for  30  s. 


PRECIPITATE  FORMATION  IN  AIGaAs/GaAs  STRUCTURES 

Two  structures  grown  to  investigate  the  formation  of  precipitates  in 
AIGaAs/GaAs  structures  are  shown  in  Fig.  4a  and  4b.  The  first  one  consisted  of 
thick  (0.2  pm)  GaAs  and  AlGaAs  regions  so  the  formation  of  the  precipitates  at 
each  heterojunction  was  not  influenced  by  the  other  heterojunctions  in  the  film. 
This  structure  is  shown  in  Fig.  4a.  The  LT-GaAs  and  LT-AlGaAs  regions  were 
grown  at  a  substrate  temperature  of  250oc  and  then  the  film  was  annealed  in  the 
MBE  system  for  1h  at  600°C.  Three  different  AlxGai-xAs/GaAs  heterojunctions  of 
aluminum  mole  fractions  x  =  0.2,  0.3,  and  0.4  were  contained  in  the  film.  The 
second  film,  shown  in  Fig.  4b,  consisted  of  six  ten-period  AIq  sGao.yAs/GaAs 
superlaftices  of  varying  well  and  barrier  widths  ranging  from  25  A  to  200  A.  After 
removing  this  sample  from  the  MBE  system,  a  rapid  thermal  anneal  at  700°C  for 
30  s  was  used  to  form  the  As  precipitates. 

At  each  AlxGat-xAs/GaAs  interface  of  the  Fig.  4a  film  structure,  a  narrow 
precipitate  depletion  (PD)  zone  was  found  on  the  AlxGai-xAs  side  [18].  Figure  5 
is  a  200  dark  field  image  of  an  interface  between  Alo.3Gao.7As  and  GaAs.  In  the 
image,  Alo,3Gao,7As  and  GaAs  layers  appear  as  bright  and  dark  regions 
respectively,  and  the  As  precipitates  are  seen  as  dark  spots.  As  seen  in  the 
image,  a  narrow  PD  zone  with  a  width  of  about  250  A  exists  along  the  interface  on 
the  Alo.3Gao.7As  side.  The  image  also  shows  the  existence  of  a  precipitate 
accumulation  (PA)  zone  on  the  GaAs  side  of  the  interface,  in  which  the  density  of 
the  As  precipitates  is  higher  than  that  in  the  interior  of  the  GaAs  layer.  These  PD 
and  PA  zones  were  observed  at  all  AlxGat -xAs/GaAs  interlaces  in  this  sample. 


118 


Growth 
Tomparatur*  / 
250*C  ' 


Growth 

Tariyiaratura  ^ 


GaAstAa 

0.2  itm 

Alo.4Gao.«As:As 

0.2  pm 

GaAstAa 

0.2  pm 

Alo.sGao.rAstAs 

0.2  pm 

GaAstAa 

0.2  pm 

Aio.2^*0.eAs:As 

0.2  pm 

GaAstAa 

0.12  pm 

GaAs  Tarnparatura 
Transition  Region 

0.25  pm 

i-GaAs 

0.5  pm 

Undopad  GaAs  Substrata 

Fig.  4a  Cross-section  of  the  multiple 
heterojunction  sample 


Growth 
Tarnparatura  / 


LTGsAs 


Growth 
Tarrtparatura  ^ 


10  period  supariMtica 

200  A  Alo.3GsO.7As  /  200  A  GaAs 


10  period  supariattica  ^ 

100  A  A^.sGuj.tAs  / 100  A  GaAs 


3000  A 


iTpenoJ^upariaiuc^^^ 

50  A  AlO.3Gao.7As  / 100  A  GaAs 


10  period  suparlattica 

SO  A  AiO.3GaO.7As  /  SO  A  GaAs 


10  period  suparlattica 

2S  A  AlO.3GaO.7As  /  SO  A  GaAs 


I10  period  supariattica 
25  A  AIo.sG^.tAs  /  25  A  GaAs 


Temperature  transitiort 
ragien 


O.S 


Ur>dopad  GaAs  Substrata 


Fig.  4b  Cross-section  of  the  multiple 
superlattice  sample 


Fig.  5.  200  dark  field  image  of  an  interface  between  LT-Alo.3Gao.7As  and 
LT-GaAs  which  was  annealed  to  cause  the  excecs  As  to  precipitate. 


Two  important  points  regarding  the  PD  and  PA  zones  were  observed.  First  is  the 
existence  of  similar  PD  and  PA  zones  in  both  normal  and  inverted  interfaces, 
which  indicates  no  significant  dependence  of  the  formation  of  these  zones  on  the 
growth  sequence.  The  second  point  is  the  nearly  identical  widths  of  the  PD  zones 
at  all  interfaces,  suggesting  no  or  a  weak  dependence  of  the  excess  As  diffusivity 
on  the  Al  concentration  in  the  AlxGai-xAs  layers. 

TEM  images  of  the  Fig.  4b  superlattice  structure  are  shown  in  Figs.  6a  and 
6b,  revealing  several  very  interesting  observations.  For  the  superlattices  with 
GaAs  wells  whose  thickness  is  100  A  or  larger,  the  precipitates  are  constrained  to 
the  GaAs  regions  and  do  not  extend  into  the  AIGaAs  regions.  The  shortest  period 
superlattice,  with  25  A  AIGaAs  barriers  and  25  A  GaAs  wells,  is  almost  completely 
free  of  precipitates:  an  increase  in  precipitate  density  is  observed  in  the  GaAs 
buffer  layer  below  this  superfatfice  and  in  the  superlattice  just  above.  Furthermore, 
for  superlaftices  with  GaAs  wells  of  50  A  widths,  the  As  precipitates  extend  into  the 
AIGaAs  barriers. 

The  observations  of  precipitate  formation  at  AIGaAs/GaAs  heterojunctions 
and  in  superlattices  can  be  explained  if  the  interfacial  energy  of  an  As  precipitate 
in  contact  with  GaAs  is  smaller  than  for  an  As  precipitate  in  contact  with  AIGaAs. 
Although  experimental  data  is  not  available  to  support  this  suggestion,  we  believe 
that  it  is  reasonable  based  on  the  fact  that  the  bond  energy  of  Al-As  is  higher  (1 
eV)  than  that  of  Ga-As  (0.8  eV)  [19].  The  precipitate/matrix  interfacial  energy  is 
known  to  have  direct  influence  on  the  nucleation  and  coarsening  stages  of  the 
precipitation  process.  According  to  theories  of  homogenous  nucleation.  the  critical 
size  for  nucleation  of  precipitates  is  proportional  to  the  interfacial  energy  of  the 
precipitates/matrix.  Therefore,  the  critical  size  for  the  formation  of  As  precipitates 
in  AIGaAs  is  larger  than  in  GaAs.  This  implies  that  the  incubation  time  is  higher  for 
nucleation  of  As  precipitates  in  AIGaAs  than  in  GaAs.  There  is  a  finite  time  during 
which  the  GaAs  matrix  is  depleted  of  excess  As  atoms  due  to  their  precipitation, 
while  the  AIGaAs  matrix  still  retains  a  large  excess  of  As.  Diffusion  of  the  excess 
As  in  the  AIGaAs  matrix  to  the  GaAs  matrix  would  occur,  resulting  in  a  continued 
accumulation  of  As  precipitates  in  the  GaAs.  In  the  coarsening  stage,  the 
distribution  of  precipitates  changes  through  exchange  of  excess  solute  atoms 
among  precipitates,  driven  by  the  tendency  of  the  system  to  reduce  its 
precipitate/matrix  interfacial  energy.  In  homogeneous  systems,  larger  precipitates 
increase  their  sizes  at  the  expense  of  smaller  precipitates  during  this  stage  [20].  In 
AIGaAs/GaAs  heterostructure  systems,  on  the  other  hand,  precipitates  in  GaAs 
layers  grow  at  the  expense  of  those  in  AIGaAs  layers  owing  to  the  differences  in 
precipitate/matrix  interfacial  energies,  resulting  in  further  development  of  PD  and 
PA  zones  at  heterojunctions.  In  superlaltices,  when  the  thickness  of  the  GaAs 
layers  is  large  enough  to  accommodate  precipitates  larger  than  the  critical  size, 
then  the  precipitates  would  be  confined  to  the  GaAs  wells;  precipitates  with  their 
boundaries  close  to  the  AIGaAs/GaAs  interface  would  be  constrained  to  grow 
within  the  GaAs  wells,  since  their  extension  into  the  AIGaAs  barriers  would  lead  to 
an  increase  in  the  interfacial  energy.  Furthermore,  the  precipitation  of  As  within 
thin  GaAs  wells  is  not  energetically  favorable  since  this  would  require  a  large 
density  of  precipitates  with  sizes  less  than  the  critical  size  and  would  lead  to  an 
increase  in  the  interfacial  energy  of  the  system.  Therefore  when  the  GaAs  well 
widths  are  less  than  the  critical  size  of  the  precipitates,  the  precipitates  will  extend 
into  the  AIGaAs  barriers  unless  the  superlattice  is  short  enough  that  the  excess  As 
can  diffuse  to  regions  of  lower  precipitate  to  matrix  interfacial  energies  as  seen  in 
Fig,  6a. 


Fig.  6a  TEM  image  of  the  lower  superlatlice  sections  of  Fig.  4b 


of  Fig,  4b 


Fig.  6b  TEM  image  of  the  upper  superlattice  sections 
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CONTROL  OF  ARSENIC  PRECIPITATE  DISTRIBUTION 

Since  As  precipitates  play  such  an  important  role  in  the  electrical  and 
optical  properties  of  GaAs:As,  the  ability  to  tailor  their  distributions  would  be  very 
useful.  It  would  be  very  important  from  a  technology  point  of  view  to  be  able  to 
fabricate  films  that  had  a  very  large  sheet  density  of  As  precipitates  or  maybe  even 
a  continuous  layer.  This  would  result  in  a  buried  metallic-like  As  layer  in  a  high 
quality  GaAs  matrix.  The  obvious  applications  would  be  for  metal-based 
transistors,  permeable  base  transistors,  long-wavelength  optical  detectors,  etc. 

One  method  to  obtain  a  high  sheet  density  of  As  precipitates  is  to  take 
advantage  of  the  preferential  formation  of  precipitates  in  GaAs  regions  compared 
to  AIGaAs  regions.  Preliminary  investigations  into  this  method  have  been 
performed  using  GaAs  quantum  wells  between  thick  AIGaAs  barriers  as  shown  in 
Fig.  7.  This  sample  was  not  annealed  in  the  MBE  system  but  removed  and 
cleaved  so  that  different  anneals  could  be  performed  to  investigate  the  preferential 
formation  of  the  As  precipitates  in  the  GaAs  quantum  wells.  The  TEM  image  for  a 
sample  that  was  annealed  at  800°C  for  30  seconds  is  shown  in  Fig.  8.  Clearly 
seen  is  a  large  accumulation  of  As  precipitates  in  the  GaAs  quantum  wells  and  a 
very  reduced  precipitate  concentration  in  the  thick  AIGaAs  barriers. 

Another  method  to  enhance  precipitate  formation  is  to  provide  nucleation 
sites  for  the  As  precipitates.  This  could  then  result  in  a  large  precipitate 
concentration  after  precipitate  growth  and  coarsening  in  the  region  of  the 
nucleation  sites.  One  method  of  providing  such  nucleation  sites  is  with  the 
incorporation  of  impurities  such  as  a  dopant.  We  have  attempted  this  technique 
using  a  thin  sheet  of  silicon  embedded  in  a  LT-GaAs  layer.  A  cross-sectional  TEM 
image  of  this  structure  is  shown  in  Fig.  9.  In  the  LT-GaAs  region  there  is  a  clear 
enhancement  in  the  precipitate  concentration  in  a  narrow  band  that  corresponds 
to  the  region  that  was  doped  with  silicon. 


Fig.  7  Cross-section  of  film  structure  used  to  obtain  high  sheet  concentrations  of 
arsenic  precipitates. 
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SUMMARY 

Excess  As  can  be  incorporated  in  GaAs  and  AIGaAs  epilayers  by  growing 
at  fow  substrate  temperatures  by  molecular  beam  epitaxy.  Upon  annealing  these 
epilayers,  the  excess  As  precipitates  forming  GaAsiAs  and  AIGaAsiAs,  Using 
transmission  electron  microscopy,  we  have  measured  the  density  and  sizes  of  the 
As  precipitates  and  thereby  determined  the  amount  of  excess  As  incorporated  in 
these  epiiayers.  The  volume  fraction  of  excess  As  as  a  function  of  inverse 
substrate  temperature  follows  an  Arrhenius-type  behavior  with  an  activation 
energy  of  0.87  eV.  The  sizes  of  the  As  precipitates  increase  and  the  densities 
decrease  with  increase  anneal  temperature;  for  Si-doped  GaAsiAs  this  results  in 
n-type  material  when  the  densities  become  small  enough  that  the  depletion 
regions  around  the  As  precipitates  no  longer  overlap. 

Also  investigated  was  the  formation  of  As  precipitates  at  GaAs/AIGaAs 
heterojunctions  and  superlattices.  At  AIGaAs/GaAs  heterojunctions  there  is  a 
diffusion  of  excess  As  from  the  AIGaAs  to  the  GaAs  during  anneals.  This  results  in 
a  precipitate  free  zone  on  the  AIGaAs-side  and  a  precipitate  accumulation  zone  on 
the  GaAs-side  of  the  heterojunction.  In  AlGaAs/GaAs  superlattices,  when  the 
critical  size  of  the  precipitates  is  less  than  the  GaAs  well  width  the  precipitates  are 
confined  to  the  GaAs  well  regions.  When  the  GaAs  well  widths  are  less  than  the 
critical  size  of  the  precipitates,  the  precipitates  will  extend  into  the  AIGaAs  barriers 
unless  the  superlattice  is  short  enough  that  the  excess  As  can  diffuse  to  regions  of 
lower  precipitate  to  matrix  interfacial  energies.  Using  this  diffusion  of  excess  As 
from  AIGaAs  to  GaAs,  we  have  formed  sheets  of  very  high  As  precipitate  densities 
by  using  GaAs  quantum  wells  between  thick  AIGaAs  barriers.  As  another  attempt 
to  tailor  As  precipitate  distributions,  we  incorporated  nucleation  sites  for  the  As 
precipitates.  These  nucleation  sites  were  regions  doped  with  silicon  and  resulted 
in  greatly  enhanced  precipitate  concentration  in  these  regions. 


REFERENCES 

[1]  A.Y.  Cho,  in  The  Technology  and  Physics  of  Molecular  Beam  Enitaxv.  edited  by 

E.H.C.  Parker  (Plenum,  New  York,  1985)  pp.  2-3. 

[2]  M.  Kaminska,  Z.  Liliental-Weber,  E.R.  Weber,  T.  George,  J.B.  Kortright,  F.W. 
Smith,  B-Y.  Tsaur,  and  A.R.  Calawa,  Appl.  Phys.  Lett.  54,  1881(1989). 

[3]  R.J.  Matyi,  M.R.  Melloch,  and  J.M.  Woodall,  submitted  to  Appl.  Phys.  Lett. 

[4]  C.R.  Wie,  K.  Xie,  D.C.  Look,  K.R.  Evans,  and  C.E.  Stutz,  Proc.  6th  Conf.  on 
Semiinsulating  Materials,  71(1990). 

[5]  C.R.  Wie,  K.  Xie,  T.T.  Bardin,  J.G.  Pronko,  D.C.  Look,  K.R.  Evans,  and  C.E. 
Stutz,  Material  Res.  Symp.  Proc.  198,  383  (1990). 

[6]  M.  Kaminska,  E.R.  Weber,  Z.  Liliental-Weber.  R,  Leon,  and  Z.U.  Rek,  J.  Vac  Sci 

Technol.  B7  (4).  710(1989). 

[7]  M.R.  Melloch,  Workshop  on  Low  Temperature  GaAs  Buffer  Layers,  San 
Francisco,  CA,  April  20,  1990. 

[8]  J.M.  Ballingall.  Workshop  on  Low  Temperature  GaAs  Buffer  Layers,  San 
Francisco,  CA,  April  20.  1 990. 

[9]  Z.  Liliental-Weber,  Workshop  on  Low  Temperature  GaAs  Buffer  Layers,  San 
Francisco,  CA,  April  20,  1990. 

[10]  M.R.  Melloch,  N.  Otsuka,  J.M.  Woodall,  A.C.  Warren,  and  J.L  Freeouf  Appl 
Phys.  Lett.  57,  1531(1990). 


124 


[11]  K.  Mahalingam,  N.  Otsuka,  M.R.  Melloch,  J.M.  Woodall,  and  A.C.  Warren, 
Journal  of  Vac.  Sci.  and  Technol.  B9,  2328(1991). 

[12]  M.R.  Melloch,  K.  Mahalingam,  N.  Otsuka,  J.M.  Woodall,  and  A.C.  Warren, 
Journal  of  Crystal  Growth  111,  39(1991). 

[13]  R.A.  Puechner,  D.A.  Johnson,  K.T.  Shiralagi,  D.S.  Gerber,  R.  Droopad,  and 
G.N.  Maracus,  Journal  of  Crystal  Growth  111,  43(1991). 

[14]  A.C.  Warren,  J.M.  Woodall,  J.L.  Freeouf,  D.  Grischkowsky,  D.T.  Mclnturff,  M.R. 
Melloch,  and  N.  Otsuka,  Appl.  Phys.  Lett.  57,  1331(1990). 

[15]  A.C.  Warren,  J.H.  Burroughes,  J.M.  Woodall,  D.T.  Mclnturff.  R.T.  Hodgson,  and 
M.R.  Melloch,  IEEE  Elec.  Dev.  Lett.  12,  527(1991). 

[16]  D.T.  Mclnturff,  J.M.  Woodall,  A.C.  Warren,  N.  Braslau,  G.D.  Pettit,  and  M.R. 
Melloch,  "Photoemission  Spectroscopy  of  GaAs:As  PiN  Photodiodes,"  to 
appear  in  Appl.  Phys.  Lett.  60,  (1992). 

[17]  W.J.  Schaff,  Workshop  on  Low  Temperature  GaAs  Buffer  Layers,  San 
Francisco,  CA,  April  20,  1990. 

[18]  K.  Mahalingam,  N.  Otsuka.  M.R.  Melloch,  J.M.  Woodall,  and  A.C.  Warren, 
Eleventh  Annual  Molecular  Beam  Epitaxy  Workshop,  Sept.  16-18,  1991, 
Austin,  TX,  and  to  appear  in  the  Journal  of  Vac.  Sci.  and  Technol.  BIO 
March/April  1 992. 

[19]  J.  Singh  and  K.K.  Bajaj,  J.  Vac.  Sci.  Technol.  B3,  520(1985). 

[20]  P.W.  Voorhees,  J.  of  Statistical  Physics  38,  231  (1985). 


X-RAY  DIFFRACTION  STUDIES  OF  LOW  TEMPERATURE  GaAs 


G . KOWALSKI ,  M-LESZCZYNSKI*^,  A. KURPIEWSKI ,  M.KAMINSKA-^, 
T.SUSKI^,  E.R.WEBER^. 

^Institute  of  Experimental  Physics,  Warsaw  University,  Warsaw, 
Poland,  ^High  Pressure  Research  Center,  Polish  Academy  of 
Sciences,  Warsaw,  Poland,  ^Department  of  Materials  Science, 
University  of  California,  Berkeley,  USA. 


ABSTRACT 


GaAs  layers  grown  by  molecular  beam  epitaxy  (MBE)  at  low 
substrate  temperatures  (LT  GaAs)  were  studied  in  a  novel 
purpose  designed  X-ray  experiment.  It  combines  X-ray  double 
crystal  rocking  curve  measurements  with  some  elements  usually 
found  in  optical  setups  like  light  illumination  at  liguid 
nitrogen  temperatures  applied  to  transfer  EL2  type  defects 
into  metastable  state.  Ability  to  record  such  transfers  with 
the  X-ray  experiment  as  well  as  large  lattice  relaxation 
accompanying  this  process  is  presented. 


Introduction 


The  LT  GaAs  grown  by  molecular  beam  epitaxy  at  temperatures 
190°  to  300°C  exhibit  high  resistivity  thus  making  it  perfect 
for  other  technological  purposes  like  metal-semiconductor 
field-effect  transistor  (MESFETs)  structures  or  high  electron 
mobility  transistors  (HEMTs) .  The  recent  growth  of  interest  in 
those  materials  is  stimulated  by  still  unresolved  crystal 
structure  as  well  as  electronic  properties.  Some  preliminary 
results  concerning  crystal  structure  are  already  available 
[e.g.1,2]  and  show  first  of  all  that  the  layers  of  LT  GaAs  are 
crystalline  and  [2]  that  there  is  a  mismatch  of  the  lattice 
constant  between  substrate  and  the  layer.  Lattice  mismatch  was 
established  [2]  to  be  about  A  a/a=  10  ^  and  was  connected  with 
the  excess  arsenic  present  in  ti.c  la^ei.  The  iiii^iiiauL.'n  can  be 
eliminated  by  annealing  the  crystals  above  600°C.  One  of  the 
main  structural  properties  of  the  LT  GaAs  is  the  presence  of 
large  amounts  of  excess  (up  to  1%)  arsenic  as  recorded  for 
example  by  auger  electron  spectroscopy  [3).  ERR  (electron 
paramagnetic  resonance)  studies  [2]  show  that  arsenic  antisite 
ASgg  defects  with  the  concentrations  around  10‘°  cm”’  were 
detectable  in  as  grown  LT  GaAS.  The  optical  absorption 
measurements  [4,5]  confirmed  some  similarities  between  defects 
in  LT  GaAs  and  EL2  defects  in  semi-insulating  (SI)  melt  grown 
GaAs  e.g.  comparable  absorption  spectra,  metastability,  thermal 
dependence  of  the  centers  recoverable  from  the  metastable  state 
at  around  120  K.  But  there  are  significant  differences  between 
EL2  in  SI  GaAs  (in  both  charged  EL2'*’  and  neutral  EL2°  states) 
and  EL2-like  defects  in  LT  GaAs  [2,4,5]  :  i)  EPR  defect  signal 
for  LT  GaAs  is  not  optically  quenchable,  ii)  maximal  efficiency 
of  the  metastable  transfer  is  wavelength  dependent-900  nm  for 
LT  GaAs  and  1050  nm  for  SI  GaAs,  iii)  absorption  spectrum  of  LT 
GaAs  is  not  fully  quenchable  when  transferring  defects  into 
metastable  state,  liil)  recovery  from  the  roetatsable  state  can 
be  Induced  by  light  of  the  wavelength  1350  nm  in  LT  GaAs  but 
not  in  bulk  SI  GaAs. 
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Method 


The  X-ray  double  crystal  spectrometer  is  already  well 
established  tool  for  studying  thin  semiconductor  layers  grown 
on  thick  substrates  [e.g.  6,7,8].  The  amount  of  information 
yielded  from  this  type  of  measurements  varies  from  composition 
studies  and  lattice  mismatch  measurements  to  layer  thickness 
matching  and  confirmation  of  lattice  perfection.  We  have 
combined  this  in  a  way  standard  technique  with  the  conditions 
usually  established  for  optical  measurements  of  metastable 
behavior  of  EL2  type  defects  in  melt  grown  GaAs.  Our  samples 
were  measured  at  three  stages  :  first  at  room  temperatures  then 
after  cooling  in  darkness  at  77  K  and  finally  we  measured  them 
at  77  K  after  white  or  monochromatic  light  illumination.  At  all 
those  stages  we  have  taken  repeated  sets  of  "rocking  curves" 
employing  [400]  Bragg  reflection  with  CuK^^j^  radiation  or  [800] 
Bragg  reflection  with  CuKgj  radiation  in  so  called  (+,-)  non 
dispersive  mode.  This  type  of  X-ray  setup  with  liquid  nitrogen 
continuous-flow  cryostat  for  sample  cooling  was  recently 
successfully  used  for  examination  of  EL2  defects  in  SI  GaAs  [9] 
as  well  as  for  DX  centers  in  GaAlAstTe  [10]  thus  constituting  a 
novel  approach  to  metastability  studies  of  point-like  defects. 


Results 


Three  as  grown  samples  of  LT  GaAs  grown  by  MBE  at  190°C  (1.5 
urn),  220°C  (2  nm)  and  220°C  (3.5  (jm)  on  melt  grown  SI  GaAs 
substrate  were  examined.  From  optical  absorption  measurements 
[4]  conqentration  of  EL2-like  defects  was  established  to  be 
about  10^®  cm”^  in  those  samples.  Room  temperature  measurements 
(  fig. la,  fig. 2a  )  show  two  distinctive  Bragg  peaks  one  from 


ANGLE  (  sec  of  arc  1 

Fig.l  X-ray  rocking  curves 
for  (400)  Cukoij^  reflection 
of  LT  GaAs  layer  on  SI  GaAs 
a)  295  Kb)  77  K  after  cooling 
in  darkness  c)  77  K  after 
cooling  in  darkness  and  4  min. 
illumination  with  white  light. 
Layer  thickness  d=2  nm. 


ANGLE  (  sec  of  cirr.  ) 

Fig. 2  X-ray  rocking  curves 
for  (800)  ChJ'gi  reflection 
of  LT  GaAs  layer  on  SI  GaAs 
a)  295  Kb)  77  K  after  cooling 
in  darkness  c)  77  K  after 
cooling  in  darkness  and  5  min. 
illumination  with  900  nm  light 
d)  77  K  after  cooling  in 
darkness  and  illumination  with 
900  nm  light  for  15  min.  Same 
sample  as  in  fig.l 
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LT  GaAs  layer  and  second  from  substrate  thus  showing  that 
lattice  parameter  of  the  layer  was  markedly  different  from  the 
substrate.  Slight  asymmetry  on  the  left-hand  side  of  the  layer 
peak  in  fig.  la  and  more  pronouncedly  seen  on  fig.  2a  as  a  tail 
is  a  clear  indication  of  a  lattice  parameter  grading  in  the 
layer  for  the  direction  perpendicular  to  the  layer  surface. 
Very  recently  it  was  established  [11]  that  for  samples  used  in 
this  work  lattice  constant  perpendicular  to  the  surface  is 
graded  with  the  higher  values  at  the  layer  interface  with  the 
substrate,  diminishing  towards  the  free  surface.  As  regards  a 
component  parallel  to  the  interface  it  was  concluded  that 
lattice  parameter  is  equal  to  the  substrate  value.  All  those 
measurements  were  done  only  for  room  temperatures.  In  fig.  lb 
and  fig. 2b  (after  cooling  in  darkness)  both  peaks  from  the 
layer  and  from  the  substrate  are  slightly  broadened.  It  is  a 
indication  of  some  lattice  changes  induced  by  cooling  in 
darkness  for  samples  reach  in  EL2  like  defects.  We  have  already 
observed  such  effects  in  SI  GaAs  [9]  and  to  our  knowledge  it 
was  never  reported  for  those  type  of  materials.  Illumination 
with  white  light  (figl.c)  or  with  wavelength  900  nm  (fig. 2c)  at 
T  =  77  K  lead  to  a  strong  broadening  of  the  layer  peak  to 
almost  twice  the  initial  full  width  at  half  maximum  (FWHM) 
value  and  shift  towards  the  substrate  peak,  which  now  was 
narrower  then  before  the  illumination.  Behavior  of  the 
substrate  peak  is  fully  consistent  with  our  previous  [9] 
results  for  SI  GaAs.  Prolonged  illumination  with  monochromatic 
light  (fig. 2d)  caused  further  broadening  and  lowering  of  the 
layer  peak.  Total  recovery  of  the  layer  peak  could  be  obtained 
after  warming  the  sample  up  to  140K.  Moreover  it  was  found  that 
almost  full  recovery  of  the  layer  peak  could  be  also  obtained 
by  illumination  with  light  of  wavelength  1350  nm.  These  results 
of  the  X-ray  experiment  were  compared  with  the  previous  optical 
absorption  measurements  [4]  and  especially  with  temperature  and 
illumination  cycles  of  the  near-infrared  absorption  band  due  to 
arsenic  antisite  defects.  This  allowed  us  to  ascribe  the 
changes  of  the  LT  GaAS  lattice  structure  (as  recorded  by  X-ray 
rocking  curve)  to  the  transformations  of  arsenic  antisite 
defects  from  their  normal  to  the  metastable  configuration. 


DISCUSSION 


Experimental  rocking  curves  such  as  on  fig.l  and  fig. 2  are 
usually  used  to  gain  information  about  the  thin  layers  by 
direct  comparison  with  computer  calculated  curves  which  are 
modelled  by  using  X-ray  dynamical  theory  [6,7,8].  Computer 
calculated  curves  were  used  in  this  work  to  get  an  information 
on  lattice  mismatch  in  the  layers  of  LT  GaAs  taken  through 
usual  temperature  and  illumination  cycles  for  studying 
metastable  defects.  Lattice  mismatch  profile  as  in  fig. 3  is 
used  in  computations  as  fitting  parameter  and  best  result  is 
taken  as  final.  In  our  case  we  possess  some  preliminary 
results  as  to  the  lattice  mismatch  profile  in  the  layer  [11] 
showing  gradient  of  the  lattice  parameter  across  the  layer. 
Starting  from  this  point  and  employing  required  computer 
simulations  involving  convolution  with  the  X-ray  monochromator 
function  we  have  been  able  to  reproduce  to  very  satisfactory 
level  our  experimental  curves  (fig.l,  fig. 2)  It  also  appeared 
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to  be  necessary  to  introduce 
overall  curvature  of  the 
samples  induced  by  layer 
presence  as  it  is  frequently 
observed  for  such  a 
structures.  Main  objective  of 
our  calculations  e.g.  lattice 
mismatch  profile  is  summarized 
in  fig.  3.  For  room 
temperatures  we  have  confirmed 
previous  results  [11]  as  to 
the  presence  of  lattice 
parameter  gradients  spreading 


Fig. 3  The  mismatch  of  LT  GaAs  [  (gLTGaAs.gSIGaASj ^gSIGaAs  j 
layer  lattice  constant  perpendicular  to  the  surface  as  a 
function  of  layer  thickness,  a) 295  K,  b)  77  K  after  cooling 
in  dark  ,  c)  77  K  after  cooling  in  dark  and  5  min. 
illumination,  d)  77  K  after  cooling  in  dark  and  15  min. 
illumination  .  Thickness  d  =  2  ^im  at  the  interface  and 
d  =  0  [im  at  the  free  surface. 


from  high  values  at  the  interface  to  low  values  at  free  surface 
of  the  layer  (fig. 3a).  Rocking  curves  taken  after  cooling  in 
darkness  show  only  slight  change  of  the  lattice  parameter 
(fig.  3b).  There  is  lowering  of  the  values  at  free  surface  in 
fig. 3b  which  overlaps  with  fig. 3a  close  to  the  interface. 
Illumination  at  77  K  resulted  in  radical  change  of  the  profile 
with  pronounced  changes  of  the  lattice  parameter  close  to  the 
interface  and  free  surface  (fig. 3c).  In  this  case  lattice 
parameter  at  free  surface  continue  to  drop  to  smaller  values 
but  there  is  an  increase  of  the  lattice  parameter  at  the 
interface.  This  type  of  profile  we  predict  for  curves  as  in 
fig.lc  and  fig. 2c.  If  the  illumination  is  prolonged  as  for 
fig.  2d  we  predict  from  our  calculation  the  profile  to  be  more 
steep  and  with  s  aller  values  at  the  free  surface  combined  with 
further  increase  of  lattice  mismatch  at  the  interface  (e.g. 
fig. 3d).  All  in  all  it  shows  that  fc’-  LT  GaAs  layers  EL2'like 
defects  when  transferred  to  the  metastable  state  induce 
considerable  strain  near  interface  increasing  with  the  number 
of  defects  transferred.  Another  interesting  result  seen  clearly 
at  fig.  3  is  that  mean  value  of  the  lattice  mismatch  in  the 
layer  tends  to  be  stable  all  the  time  (cross  point  of  the 
profiles) . 


Conclusions 


Main  results  of  our  experiments  can  be  summarized  as  follows: 
1)  X-ray  experiment  can  be  successfully  employed  as  a  tool  for 
metastable  behavior  studies  of  EL2-like  defects  in  LT  GaAs 
(already  established  for  EL2  in  SI  GaAs  and  I'’  centers  in 
GaALAs) ,  2)  gradient  of  the  lattice  parameter  perpendicular  to 
the  layer  is  present  for  as  grown  LT  GaAs,  3)  there  is  a 
considerable  build  up  of  the  strain  especially  near  the 
interface  of  the  layer  when  EL2  type  defects  (arsenic  antisite) 
are  transferred  to  the  metastable  state.  Strain  which  is 
present  in  as  grown  LT  GaAs  layers  seem  to  play  dominant  role 
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in  the  results  reported  so  far  for  those  materials.  Differences 
between  behavior  of  the  EL2  defects  in  SI  GaAs  substrates  and 
in  LT  GaAs  in  various  experiments  could  be  ascribed  to  the 
strain  presence  as  well.  Bragg  peaks  broadening  for  LT  GaAs  and 
narrowing  for  the  substrate  one  is  clearly  connected  with 
highly  strained  layer  in  first  case  and  possibility  of  lattice 
relaxation  in  bulk  material.  Difference  in  wavelength  causing 
quenching  of  the  absorption  spectrum  for  LT  GaAs  and  SI  GaAs 
points  to  the  more  energetic  photons  needed  for  metastable 
transfer  in  LT  GaAs  which  are  essential  for  overcoming  present 
strain.  The  fact  that  LT  GaAs  absorption  spectrum  is  not  fully 
quenchable  indicates  that  available  photon  energy  can  not 
overcome  strain  barrier  and  defect  can  not  be  moved  to  the 
metastable  position  in  the  lattice.  Possibility  of  the  recovery 
from  the  metastable  state  by  illumination  with  1350  nm 
wavelength  for  LT  GaAs  (not  observed  in  SI  GaAs)  is  probably 
also  caused  by  the  highly  strained  layer,  while  in  SI  GaAs 
metastable  lattice  position  of  the  defect  requires  considerably 
more  energy  to  do  so  and  in  such  a  way  this  position  seem  to  be 
different  than  in  LT  GaAs.  Last  but  not  least  EPR  signal  not 
optically  quenchable  for  LT  GaAs  might  be  also  connected  with 
the  strain  barrier  which  was  already  suggested  in  [2]. 

This  work  was  partially  supported  by  Polish  Committee  for 
Scientific  Research  support  no.  BST-75/91 
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ABSTRACT 

For  the  first  time,  surface  acoustic  waves  (SAWs)  were  used  to  study  the  lattice 
relaxation  of  metastable  defects.  A  peisistent  increase  of  as  much  as  0.4%  of  the  SAW  velocity 
at  low  temperatures  was  observed  after  illumination  of  LT-GaAs;  this  increase  could  be 
quenched  by  annealing  at  120-130OK.  This  behaviour  is  caused  by  the  metastable  transition  of 
EL2-like  AsGa  defects  and  constitutes  the  direct  experimental  proof  of  the  illumination  induced 
large  lattice  relaxation  of  this  defect. 

INTRODUCTION 

GaAs,  grown  by  molecular  beam  epitaxy  (MBE)  at  very  low  temperatures  (LT-GaAs) 
between  200°  and  300OC  has  a  number  of  unusual  properties,  which  make  it  a  technologically 
important  material,  particularly  when  used  to  eliminate  sidegating  and  backgating  in  GaAs 
integrated  circuits  [1|.  Its  most  important  properly  is  the  presence  of  as  much  as  1% 
supersloichiometric  As  [2,3],  which  in  as-grown  layers  is  incorporated  as  AsCa  antisite 
defects.  AsCa  LT  GaAs  has  properties  very  similar  to  those  of  EL2  in  bulk  GaAs  [4,5] 
giving  rise  to  the  similar  spectral  shape  of  the  optical  absoqjtion  band,  which  is  quenchable  by 
illumination  at  low  temperatures  [6]. 

For  the  first  time,  the  metastability  of  EL2  in  LT-GaAs  is  studied  with  the  surface 
acoustic  waves.  SAWs,  similar  to  ocean  waves,  propagate  parallel  to  the  surface,  but  decay 
with  depth  so  that  all  displacements  are  essentially  zero  at  a  depth  of  about  one  wavelength 
[7,8].  The  displacements  in  the  SAW  are  both  longitudinal  and  transverse,  each  with  its  own 
variation  of  magnitude  vs.  depth.  The  SAW  can  be  of  particular  importance  as  a  tool  to  study 
illumination  induced  persistent  lattice  rearrangement  of  melastable  defects.  The  lattice 
rearrangement  causes  a  change  in  clastic  constants,  which  can  be  directly  measured  by  the 
SAW  techniques.  The  SAW  measurements  can  therefore  provide  unique  information  on  the 
mechanism  of  defect  metastability,  an  is.sueof  great  current  interest 

A  surface  acoustic  wave  delay  line  )9]  was  used  to  measure  the  SAW  velocity  and 
propagation  loss.  It  consists  of  two  periodic  gratings  of  electrodes  of  alternating  polarity 
(called  interdigital  transducers,  IDTs  )  as  source  and  as  detector  of  the  SAW  (Fig.l). 
Excitation  and  detection  of  the  SAW  is  due  to  the  piezoelectric  character  of  GaAs.  From  the 
condition  of  constructive  interference  of  the  SAWs  launched  from  the  individual  fingers  of  the 
IDT,  it  follows  that  the  excitation  of  the  SAW  is  the  most  efficient  if 

fo-v/^  (1) 
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where  is  the  SAW  frequency,  v  is  the  SAW  velocity  and  X.  is  the  IDT  period.  The  frequency 
dependence  of  transmission  S2]  of  the  delay  line  of  Fig.  I  can  be  measured  with  a  network 
analyser  and  is  ideally  [10,11] 

1*21(01  ~(sinx/x)^  (2) 

where  x=Nii(f-fo)/l^,  N  being  the  number  of  finger  paiis  in  the  IDT.  The  SAW  velocity  can 
be  obtained  from  eq.  (1)  as  a  product  of  the  IDT  period  and  the  frequency  corresponding  to  the 
maximum  transmission  S2i(0  of  tho  delay  line. 
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Fig.  1  Surface  acoustic  wave  bandpass  filter/delay  line  design  used  in  this  work. 


While  the  absolute  value  of  the  SAW  velocity  can  be  determined  from  the  network  analyser 

measurements  using  eq.  (1)  with  a  precision  of  the  order  of  10-^,  a  minute  change  of  10'^  in 
SAW  velocity  with  temperature  or  illumination  can  be  detected.  For  that  purpose,  the  SAW 
delay  line  is  converted  into  a  SAW  oscillator  by  introducing  positive  feedback  [10].  The  high 
sensitivity  to  minute  changes  in  SAW  velocity  is  a  result  of  the  oscillation  frequency  stability 
of  df/f-10'^.  The  frequency  of  the  oscillation  satisfies  the  resonance  condition  that  the  phase 
shift  around  the  loop  is  a  multiple  of  2n  radians 

2]ifl7v  =2nn 


(3) 
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where  n  is  an  integer  and  (|)£  is  the  electrical  phase  shift  associated  with  electrical  components. 
A  change  in  SAW  velocity  v  causes  the  same  relative  change  in  oscillation  fiequency  f,  so  that 
the  phase  shift  (3)  remains  unchanged.  From  the  combination  of  frequencies  satisfying  eq.  (3) 
with  different  integer  values  of  n,  the  operating  frequency  of  the  oscillator  would  be  the  one 
conesponding  to  the  maximum  transmittance  S2j. 


EXPERIMENTAL 

A  6(xm  GaAs  epilayer  (0.3X.  thick),  grown  by  MBE  on  semiinsulating  (001)  cut  GaAs 
substrate  was  used  in  this  work  for  SAW  delay  line  fabrication.  The  delay  lines  were 
fabricated  by  standard  chlorobenzene  lift-off  photolithography,  with  16  devices  on  each  2" 
wafer.  The  SAW  delay  lines  were  oriented  along  <110>  direction,  the  direction  of  maximum 
electromechanical  coupling  coefficient  and  zero  beam  steering  angle  in  the  (001)  plane  of 
GaAs.  Since  approximately  3/4  of  the  elastic  energy  of  the  surface  acoustic  wave  on  GaAs  is 
localized  within  the  top  0.3X  thick  layer  (as  one  can  estimate  from  the  published  depth  profiles 
of  particle  displacements  [12])  the  SAW  velocity  on  a  0.3X.  epilayer  of  LT  GaAs  on  GaAs 
substrate  is  quite  close  to  the  SAW  velocity  in  the  theoretical  limit  of  an  infinitely  thick 
epilayer.  The  parameters  of  the  SAW  delay  line  used  are  indicated  on  Fig.  1.  The  frequency 
responses  of  the  SAW  delay  lines  were  measured  on  an  HP4195A  network  analyser  and 
stored  on  a  floppy  disIcThe  positive  feedback  loop  needed  to  operate  the  device  as  an  oscillator 
consisted  of  an  amplifier  cascade,  a  variable  attenuator  and  a  power  splitter,  which  branched 
off  half  of  the  power  to  an  HP5343A  microwave  firequency  counter. 

The  epilayer  contained  0.8%  supeistoichiometric  As,  as  established  by  particle  induced 
X-ray  emission  spectroscopy.  The  optical  absorption  spectrum  was  characteristic  for  EL2  [5] 
with  a  room  temperature  absorption  coefficient  of  ZSxlO^cm''  at  1  pm. 


RESULTS 

Arsenic  superstoichiometrv  related  SAW  velocity  decrease 

The  SAW  velocity  (for  A.=20pm)  on  a  6pra  LT  MBE  epilayer  grown  on  SI  GaAs  was 
2832.9m/s  at  the  room  temperature  of  2910K.  This  velocity  is  1.2%  smaller  than  the  SAW 
velocity  of  the  substrate  alone.  The  measured  value  of  the  SAW  velocity  on  the  substrate, 
2868. 4m/s,  is  in  an  excellent  agreement  with  the  reported  value  of  2868  [12].  After  the  SAW 
device  is  annealed  in  a  nitrogen  atmosphere,  reducing  the  superstoichiometric  arsenic 
concentration  [2,3],  the  SAW  velocity  becomes  closer  to  that  of  the  substrate  alone.  The  SAW 
velocity  was  2841.5,  2849.2  and  2854.8m/s  for  the  samples  annealed  at  350OC  for  20min,  at 
400°C  for  20min  and  at  4350C  for  lOmin,  respectively.  Loss  of  As  after  anneals  could  be 
directly  observed  from  pitting  of  the  A1  metallization  of  the  SAW  devices  and  appearance  of  a 
greyish  colour  in  the  vicinity  of  the  pits. 
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The  SAW  velocity  increase  upon  the  melastable  transifinn  of  FI  2 

The  SAW  velocity  of  as-grown  LT  GaAs  at  helium  temperatures  persistently  increases 
by  up  to  0.42%  after  illumination  for  1  hour  with  the  white  light  from  a  halogen  250W  lamp 
(Figs.2,3).  The  absence  of  the  persistent  change  in  photoconductivity  proves  that  the  observed 
persistent  increase  in  the  insertion  loss  of  the  SAW  device  is  entirely  due  to  elastic  effects.  At 
the  same  time,  the  insertion  loss  of  the  SAW  delay  line  increases  after  illumination  (Fig.  3). 


Fig.  2.  Temperature  dependence  of  the  SAW  velocity  (X=20pm)  on  the  6ttm  thick  as-grown 
LT  GaAs  cooled  in  the  dark  (lower  curve)  and  illuminated  by  white  light  from  the  halogen 
lamp  (upper  curve).  The  SAW  oscillator  was  used  for  the  measurement 


firequency  (MHz) 


Fig.  3.  Frequency  response  of  effective  transmission  loss  of  the  SAW  filter  on  Fig.1 
implemented  on  as-grown  epilayer  at  1  IK.  The  responses  after  cooling  in  the  dark  (step  1), 
after  photoquenching  with  1.38eV  light  (step  2)  and  after  optical  recovery  with  0.9SeV  light 
(step  3)  following  step  2  are  shown. 
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The  dark  values  of  the  SAW  velocity  and  delay  line  insertion  loss  can  be  recovered  only  by 
annealing  the  sample  at  120-130K  (Fig.  2),  which  coincides  with  the  temperature  range  of  EL2 
recovery  from  the  metastable  state  [5J.  The  return  of  EL2  from  the  metastable  to  the  ground 
state  for  the  case  of  LT  GaAs  can  be  induced  not  only  thermally  but  also  optically  for 
illumination  with  low  energy  light  (for  example,  1.3  eV).  This  optical  recovery  of  EL2  was 
observed  in  this  work  after  EL2  had  been  photoquenched  as  an  illumination  induced  decrease 
of  the  SAW  velocity  (Fig.3).  To  explain  the  decrease  in  transmission  upon  EL2  photo- 
quenching,  one  should  consider  the  masking  action  of  the  IDT  metallization.  Indeed,  only  the 
area  in  the  spacings  between  IDT  lingers  was  exposed  to  illumination  as  the  result  of  which  the 
SAW  velocity  there  increases.  At  the  same  time  the  area  underneath  the  fingers  is  not  exposed 
to  illumination  and  the  SAW  velocity  there  remains  unchanged.  In  this  way,  an  "elastic 
gratiflg"  is  created.  The  elastic  grating  causes  increased  reflection  of  the  SAW  from  the  IDT 
fingers  and  consequent  decrease  in  transmittance.  In  agreement  with  this  model,  no  decrease  in 
transmittance  was  observed  when  the  sample  was  illuminated  horn  the  back. 


DISCUSSION 

First,  the  observed  slower  SAW  velocity  on  LT  GaAs  compared  to  bulk  GaAs  can  be 
read  ^  xplained  if  most  of  the  superstoichiometric  As  incorporates  as  AsQa  antisites.  Indeed, 
due  to  two  excess  electrons  of  As  compared  to  Ga,  which  occupy  the  antibonding  orbitals,  the 
AsGa  -As  bonds  are  softer  compared  to  the  Ga-As  bonds.  The  softer  bonds  result  in  smaller 
elastic  constants  and  consequently  smaller  SAW  velocity.  One  can  roughly  estimate  that 
presence  of  two  antibonding  electrons  in  addition  to  two  bonding  electrons  would  decrease  the 
spring  constant  of  the  bonds  by  approximately  1/4. 

The  persistent  increase  in  the  SAW  velocity  of  LT-GaAs  at  low  temperatures 
constitutes  a  clear  proof  of  the  large  lattice  relaxation  of  EL2  and  can  serve  as  the  experimental 
test  of  the  latest  model  of  EL2  metastability  (13).  According  to  this  model,  the  metastable 
transition  of  EL2  is  accompanied  by  breaking  one  of  the  four  bonds  of  AsQa  antisite  defect 
while  reinforcing  the  remaining  three  bonds.  The  direction  of  the  SAW  velocity  change  can  be 
predicted  theoretically  by  the  model  (13]  and  should  be  compared  with  the  result  in  this  work. 

Finally,  it  is  worth  pointing  out  that  the  surface  acoustic  wave  technique  opens  the 
door  to  further  highly  precise  measurements  of  the  influence  of  external  perturbations,  such  as 
illumination,  temperature  changes,  high  temperature  anneals  and  magnetic  and  electric  fields  on 
elastic  properties  of  thin  films.  It  can  be  expected  that  the  surface  acoustic  wave  technique  will 
find  its  place  as  a  tool  for  materials  research  of  thin  film  structures. 
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ABSTRACT 

Low-temperature  GaAs  layers  (LTGaAs)  grown  by  molecular  beam  epitaxy  on  GaAs 
substrates  have  been  characterized  by  x-ray  diffraction  techniques.  X-ray  rocking  curve 
measurements  on  more  than  2(K)  anneal  conditions  show  that  through  appropriate  choice  of 
growth  condition,  layers  with  different  states  of  strain  are  obtained.  Three  distinct  ranges  of  low 
temperature  growth  are  defined,  labelled  as  "low-range,"  "mid-range,"  and  "high-range," 
corresponding  to  growth  temperatures  less  than  260  "C,  between  260  and  450  "C,  and  more  than 
450  "C,  respectively.  0.5  pm  thick  films  grown  in  the  low-range  are  amorphous,  whereas  tho.se 
in  the  mid-range  are  fully  strained  and  lattice-matched  to  the  substrate,  and  those  grown  above 
450  "C  are  indistinguishable  from  ordinary  GaAs.  Notable  properties  of  mid-range  layers  are 
the  random  behavior  of  the  as-grown  strain,  and  the  expansion  and  contraction  of  the  lattice 
parameter  with  thermal  anneals  up  to  900  "C.  A  growth  model  for  LTGaAs  based  on  arsenic 
antisite  defects  is  proposed. 

INTRODUCTION 

The  molecular  beam  epitaxy  (MBE)  growth  of  As  rich  GaAs  layers  at  low  temperatures 
on  GaAs  (LTGaAs)  was  reported  recently  '  \  The  interesting  physical  and  electronic  properties 
of  these  and  similar  low-temperature  lll-V  compounds  make  the  materials  potentially  useful  for 
a  wide  range  of  device  applications.  Among  these  properties  are  reduced  recombination  times 
of  about  400  fs,  suitable  for  integrated  sub-picosecond  optoelectronic  switches,  and  their  high 
breakdown  voltage,  useful  for  power  field  effect  transistors  (FET’s).’*'  It  was  shown  by 
transmission  electron  microscopy  in  Ref  1  that  the  layers  are  highly  perfect  and  contain  only 
a  few  dislocations.  In  addition,  x-ray  rocking  curves  from  a  sample  grown  at  200  “C  showed 
a  second  diffraction  peak  at  an  angle  slightly  lower  than  that  of  the  substrate.  This  peak  was 
interpreted  as  that  of  a  relaxed  cubic  lattice  with  a  lattice  parameter  slightly  larger  than,  and 
supported  by  the  GaAs  substrate  which  is  also  cubic.  However,  an  interface  dislocation  network 
which  is  nearly  always  present  in  mismatched  systems  was  not  reported.  The  concept  of  a 
relaxed  cubic  lattice  appeared  to  be  in  conflict  with  the  absence  of  misfit  and  threading 
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dislocations,  as  seen  troni  transii.ission  electron  microscopy  (1  EM).  A  study  of  the  behat  loi 
of  the  lattice  parameter  and  electrical  properties  was  also  reported  recently.'’  In  our  study,  these 
findings  were  examined  in  greater  detail.  In  particular,  we  wished  to  ascertain  the  po.ssibility 
01  a  wider  range  of  growth  temperatures  about  201)  "C  for  this  material.  It  was  also  desirable 
to  calibrate  the  growth  temperatures  more  exactly,  so  that  wafers  obtained  from  different 
sources  could  be  compared  in  a  meaningful  way.  .Mihough  our  findings  in  general  agreed  with 
earlier  work  regarding  the  perfection  of  the  layers  and  the  double  peaking  in  x-ray  rocking 
curves,  they  differed  in  other  respects,  including  the  observation  of  tetragonal  distortion,  which 
accounts  for  the  high  perfection  of  the  layers  in  the  absence  of  extended  defects,  and  the 
interpretation  of  the  expansion  and  contraction  of  the  buffer  layer  lattice  with  thermal  anneal, 
consistent  with  a  model  involving  As,;,  defects.  These  observations  are  briefly  reported  here. 

EXPERIMENT 

Epitaxial  layers  of  low-temperature  GaAs.  0.5  pm  thick,  were  grown  on  semi-insulating 
GaAs  substrates  in  a  VG  VWIH  MBE  system.  All  layers  were  grown  according  to  customary. 
well  known  procedures  in  cleaning,  preheating,  post-growth  cooling,  and  overall  handling  of 
the  substrates.  Substrate  temperatures  ranging  from  150  to  500  ‘’C  were  investigated.  Growth 
temperatures  were  measured  through  a  thermocouple  which  in  this  instrument  was  located  as 
close  to  the  sample  holder  as  possible  without  actual  contact.  The  temperatures  reported  here 
are  somewhat  different  from  other  published  data,  probably  because  of  calibration  differences 
among  various  instruments.  .Although  the  accuracy  of  thermocouple  data  may  be  uncertain, 
relative  changes  in  temperature  in  one  instrument  are  considered  to  be  reliable. 

To  better  understand  the  defect  structure  and.  growth  mechanism  in  LTGaAs.  annealing 
effects  were  included  in  this  study.  Rapid  thermal  annealing  (RTA)  and  furnace  annealing  (FA) 
were  performed  at  temperatures  ranging  from  .^(X)  to  900  "C  in  steps  of  50  "C  in  a  forming  gas 
atmosphere  (90%  Nj,  10%  Hj).  The  anneal  time  at  temperature  was  10  minutes  for  both  RTA 
and  furnace  annealing.  The  samples  were  .sandwiched  between  two  GaAs  wafers  to  prevent  the 
escape  of  As  during  the  anneal.  The  crucible  containing  the  samples  to  be  furnace  annealed  was 
in.serted  into  a  quartz  tube  which  was  initially  raised  to  the  desired  temperature.  However,  the 
furnace  temperature  dropped  by  several  tens  of  degrees  Celsius  after  the  samples  were  inserted. 
Hence,  these  samples  were  subjected  to  additional  heating  at  lower  temperatures  for  periods  of 
up  to  15-20  minutes,  before  the  furnace  returned  to  equilibrium  temperature.  X-ray  measure¬ 
ments  were  performed  on  a  Blake  double  crystal  diffractometer,  equipped  with  a  Si(l(X))  beam 
conditioner  as  the  first  crystal  which  was  adjusted  for  the  (004)  reflection  of  CuKa,  radiation. 
The  incident  beam  size  was  0.4  mm  wide  x  0.5mm  high  which,  depending  on  the  angle  of 
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Diffraction  Angle,  Arc-Sec 


Fij!.  1-  X-ray  avking  curves  (il  LTGiiAs  on  GaAs.  a-  symmciric  ((MW)  rctlcclum,  b-  asymmetric,  glancing 
incidence  (224)  relleclion.  and  c-  asymmetric,  glancing  esit  (224)  rcllcction. 

incidence,  covered  a  sample  area  approximately  0.4.  to  3  mm  wide. 

RE.SIJLTS  AND  DISCUSSION 

On  the  basis  of  x-ray  measurements  on  samples  growii  at  temperatures  between  KM)  and 
500  "C,  three  ranges  of  low-temperature  growth  were  e.stablished,  labelled  for  convenience  as 
the  "low-range,"  T,,  <  260  "C,  the  "mid-range,"  260  "C  <  T,  <  450  "C,  and  the  "high-range." 
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Fig.  2-  Viirialion  i)f  Ihc  rcK'king  curve  pciik  separation  for  differeni  growth  lemperatures  in  iis-grown  LTGaAs. 

with  T  >  450  "C,  Samples  in  both  the  low-  and  the  high-range  showed  only  one  diffraetionpeak 
from  the  substrate  lattice  parameter  alone,  while  those  in  the  mid-range  gave  two  peaks 
corresponding  to  both  the  substrate  and  the  epilayer.  Because  of  the  complexity  of  the  data, 
only  the  mid-range  satnples  are  analyzed  in  the  present  paper.  A  more  detailed  discussion  and 
analysis  including  the  remaining  groups  will  be  presented  elsewhere.’  X-ray  analysis  was  based 
on  measuring  one  (004)  and  two  (224)  rocking  curves,  *he  latter  in  both  "glancing  incidence" 
and  "glancing  exit"  geometries  (Fig.  I).  Since  it  was  detennined  that  the  layers  were  not  lilted 
with  respect  to  the  substrate,  only  one  (004)  rocking  curve  was  used  to  measure  the 
perpendicular  lattice  parameter."  Varying  and  unpredictable  rocking  curve  peak  separations  were 
often  observed  for  the  same  growth  temperature  Tj,.  Repealed  tests  were  made  to  determine  the 
range  of  the  strains.  Fig.  2  shows  the  measured  separations  observed  so  far.  as  a  function  of 
using  the  (004)  data.  A  full  discussion  of  this  phenomenon  is  also  outside  the  scope  of  the 
present  paper.  It  is  possible  that  the  clustering  of  the  data  in  two  relatively  broad  bands  may 
be  due  to  a  metastable  precess  which  produces  different  levels  of  strain  with  small  perturbations 
in  growth  conditions. 

For  annealing  studies,  samples  were  chosen  from  those  shown  in  Fig.  2  to  cover  a  broad 
range  of  initial  strains.  Rocking  curve  measurements  on  these  samples  showed  a  complex  pattern 
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Fig.  3-  Shift  Ilf  ihc  cpilaycr  diffraction  peak  with  anneal  in  LTGaAs;  (004)  rocking  curves,  a-  As  grown  material; 
b-  Furnace-annealed  at  3S0  X  for  It)  minutes;  c-Fumitce  annealed  at  7(K)  X. 

of  expansion  and  contraction  of  the  vertical  lattice  parameter.  Figs.  3  a-c  show  x-ray  rocking 
curves  obtained  from  a  sample  grown  at  310  "C  in  the  as-grown  condition  and  after  furnace  anneal 
at  350  and  700  "C,  respectively.  Typical  strain  plots  obtained  from  similar  rocking  curves  are 
shown  in  Fig.  4.  The  initial  values  of  vertical  .strain  Ej^  were  positive  for  all  samples,  denoting 
an  expansion  of  the  epilayer  relative  to  the  substrate.  Thermal  annealing  at  temperatures  less 
than  7(K)  "C  gradually  reduced  the  mismatch.  Aside  from  random  experimental  variations,  most 
samples  annealed  at  temperatures  between  4(K1  and  600  "C  were  lattice-matched  to  the  substrate. 
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Fiy,  4-  Siriiin  pUils  as  a  tunclkm  of  annc;i]  icinpcraiurc  for  scvcfiU  srunpics  prowo  bclwoen  2PI)  and  420  C. 

For  some  layers,  annealing  at  higher  temperatures  such  as  7(KI  “C  caused  a  contraction  of  the 
lattice,  while  for  other  layers  no  further  change  in  the  lattice  parameter  was  detected.  The  latter 
group  consisted  mainly  of  samples  whose  initial,  pre-anneal  vertical  strain  was  significantly  lower 
than  the  observed  ma.simum  (0.15%).  This,  however,  is  not  the  general  rule:  some  of  the  samples 
with  initially  large  strains  showed  only  a  gradual  relaxation  without  further  contraction.  Continued 
annealing  at  higher  temperatures  resulted  in  contraction  not  exceeding  0.04%.  A  second  lattice 
matching  was  then  observed  near  850  "C  (Fig  4).  Some  of  the  samples  exhibiting  this 
initial  contraction  were  further  annealed  at  temperatures  of  up  to  900  "C,  upon  which  they  showed 
a  slight  expansion.  Changes  in  the  in-plane  lattice  parameter  and  the  equivalent  bulk  (rela.xed) 
lattice  parameter  were  also  evaluated  assuming  that  the  elastic  constants  for  these  layers  are  nearly 
the  same  as  for  pure  GaAs.'  While  in  most  cases  the  epilayer  was  found  to  be  fully  strained, 
a  small  mismatch  was  occasionally  observed. 

Electron  diffraction  x-ray  analysis  (EDXA)  was  used  to  compare  the  level  of  arsenic  before 
and  after  anneal  in  several  samples.  Although  the  technique  has  limitations  in  giving  absolute 
values  of  elemental  composition,  it  can  be  used  in  a  comparative  sense  with  reasonable  accuracy. 
Thus,  the  atomic  fractions  of  Ga  and  As  in  reference  GaAs  wafers  computed  by  the  instrument 
were  typically  about  fiO'/t  and  40%,  respectively.  The  difference  between  the  calculated  ratio 
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ami  the  expcLtccI  "5(1-50  ’  composition  was  consistent  for  all  standard  samples.  When  wafers  bearing 
1,'T'CiaAs  epilayers  were  measured,  the  As  content  was  found  to  be  higher  than  the  standard  by 
about  3'/f  on  the  epilaycr  side  (facing  the  .source),  and  2‘7c  on  the  substrate  side  (away  from  the 
source).  Both  annealed  and  unannealed  samples  gave  similar  results.  The  similarity  of  the  As 
level  on  both  sides  of  the  wafers  suggests  that  the  excess  arsenic,  although  an  indicator  of 
overpressure,  cannot  er  irely  represent  a  structural  dtfecl  responsible  for  changes  in  the  lattice 
parameter  and  strain  in  LTGaAs  layers.  This  finding  may  explain  the  presence  of  large  As  aggregates 
which  arc  sometimes  observe  I  in  these  materials.' 

T  HE  GROWTH  MODEL 

The  proposed  grow  th  model  for  LTGaAs  is  based  on  a  consideration  of  annealing  phenomena 
from  the  standpoint  of  two  As-type  defects,  i.e..  As,.,  antisites  and  interstitials.  A  rough  estimate 
suggests  that  the  antisite  defects  alone  can  account  for  most  of  the  observed  variations  in  the 
strain,  According  to  this  estimate,  the  internal  pressure  in  the  GaAs  lattice,  comparable  to  its 
bulk  modulus  of  approximately  7.5  x  10"  dyne.s/cm%  is  balanced  by  the  repulsive  force  of  the 
five-atom  cluster  of  As  atoms  at  each  defect  site.  Assuming  that  the  cluster  is  contained  within 
a  spherical  volume  w  '  '■  iis  center  at  the  As,,,,  a  defect  volume  of  approximately  1X5  A'  is  calculated, 
compared  to  60  A'  in  the  absence  of  the  defect.  The  resulting  total  volume  of  .505  A'  corresponds 
to  a  lattice  parameter  of  6.7,5  A  or  an  effective  lattice  parameter  expansion  of  lO'/f.  Although 
th's  calculation  is  highly  approximate,  it  reflects  the  magnitude  of  the  expansion  which  would 
na  e  to  lie  accommodated  by  (he  LTGaAs  lattice  as  a  w,iole.  In  a  crystalline  layer  constrained 
n  be  lattice-matched  to  the  substrate,  the  expansion  follows  tetragonal  distortion,  and  is  controlled 
by  the  ela-  tic  constants  of  the  epilayer-substrate  sy  stem.  The  maximum  bulk  lattice  expansion 
in  (he  "free  standing  "  LTGaAs  lattice  isihus().(IX‘/f ,  using  our  largest  riKking  cui've  peak  separation 
of  nearly  20(1  arc- sec.'  Hence,  the  average  fraction  of  unit  cells  containing  As,,  defects  is  about 
().(K)4,  obtained  from  the  ratio  of  the  bulk  strain  to  the  unit  cell  expansion,  or  about  2  x  lO'"  cm 
We  note  that  this  is  an  estimate  of  the  density  of  the  unit  cells  containing  defects  per  unit  volume, 
and  is  consistent  with  earlier  estimates  based  on  EPR  data  ' 

The  following  mixlel  is  therefore  proposed  for  the  growth  process  and  the  defect  structure 
in  L  TGaAs,  During  the  arsenic -rich,  low-lemperaturc  deposition,  antis'  ,\s,„  defects  arc  formed 
which  expand  the  lattice.  The  epilaycr  is  tetragonally  di.slorted,  with  a  vertical  lattice  parameter 
u.iger  than  the  substrate,  f'ollowing  anneal  at  temperatures  approximately  200  "C  higher  than 
T^,  antisite  As,„  defects  arc  partially  removed,  thus  reducing  the  vertical  strain.  Ga  vacancies 
generated  in  this  priKCSs  arc  not  immediately  filled,  but  remain  in  .ic  lattice  at  somewhat  higher 
anneal  temperatures.  A  combination  of  Ga  vacancies  and  residual  antisite  defects  is  fortned,  yielding 


144 


a  lattice  which  is  nearly  fully  matched  to  the  substrate  in  both  in-plane  and  vertical  directions. 
Additional  anneal  at  higher  temperatures  removes  nearly  all  the  antisite  defects.  The  epilayer 
lattice  contracts,  reaches  a  minimum,  and  exhibits  a  negative  strain.  Upon  annealing  at  temperatures 
near  900  "C,  Ga  vacancies  are  removed  through  localized,  short  range  dislocation  loops.  This 
coalescence  gives  rise  to  interstitial  As  atoms  which  may  then  increase  the  average  lattice  parameter, 
as  demonstrated  by  x-ray  data. 

CONCLUSIONS 

In  this  paper,  several  aspects  of  low  temperature  growth  of  GaAs  layers  on  Ga.As  substrates 
were  investigated.  A  growth  model  for  LTCiaAs  was  proposed,  consistent  with  the  picture  of 
the  modulation  in  the  LTGaAs  lattice  parameter  with  thermal  anneal.  It  was  found  that  the  layers 
grown  at  temperatures  between  26(1  and  450  "C  have  a  bulk  lattice  parameter  larger  than  the 
substrate,  but  are  lattice-matched  to  it  in  the  in-plane  direction.  The  increase  in  the  lattice  parameter 
was  seen  to  be  consistent  with  the  effect  of  As,,^  antisite  defects,  at  a  level  nearly  equal  to  that 
estimated  by  other  techniques.  Comparable  levels  of  excess  arsenic  were  measured  on  both  sides 
of  the  grow  n  wafers,  independent  of  the  anneal  conditions.  Hence,  the  major  structural  defect 
in  LTGaAs  is  formed  only  by  a  small  fraction  of  the  environmental  As  in  the  fono  of  arsenic 
antisites. 
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ABSTRACT 

We  have  measured  the  excess  As  atoms  present  in  GaAs  layers  grown  by  molecular  beam 
epitaxy  at  low  substrate  temperatures  using  particle  induced  x-ray  emission  technique.  The 
amount  of  excess  As  atoms  in  layers  grown  by  MBE  at  200°C  were  found  to  be  -4x1 0^0  cm‘2. 
Subsequent  annealing  of  the  layers  under  As  overpressure  at  600°C  did  not  result  in  any 
substantial  As  loss.  However,  transmission  electron  microscopy  revealed  that  As  precipitates  (2- 
5nm  in  diameter)  were  present  in  the  annealed  layers.  The  lattice  location  of  the  excess  As  atoms 
in  the  as  grown  layers  was  investigated  by  ion  channeling  methods.  Angular  scans  were 
performed  in  the  <1 10>  axis  of  the  crystal.  Our  resutls  strongly  suggest  that  a  ,arge  fraction  of 
these  excess  As  atoms  are  located  in  an  interstitial  position  close  to  an  As  row.  These  As 
"intersitiaJs"  are  located  at  a  site  slightly  displaced  from  the  tetrahedral  site  in  a  diamond  cubic 
lattice.  No  interstitial  As  signal  is  observed  in  the  annealed  layers. 


INTRODUCTION 

GaAs  thin  films  grown  by  Molecular  Beam  Epitaxy  (MBE)  at  low  growth  iemperature,Tg 
(<400'’C)  have  been  subject  to  many  investigations  recently  1 1  - 10).  Murotani  et.al.  1 1 1 )  first 
reported  the  development  of  this  material  in  1978  and  predicted  it  to  be  a  useful  buffer  materials 
for  GaAs  field  effect  transistors  (FET).  Smith  et.  al. )  1 )  have  successfully  used  the  low 
temperature  MBE  (LTMBE)  GaAs  as  buffer  layers  for  the  fabrication  of  GaAs  FETs  and 
showed  that  the  LTMBE-GMs  layer  eliminates  backgating  between  the  devices.  In  addition  to 
its  great  technological  potential,  the  LTMBE-GaAs  layers  also  have  many  interesting  material 
properties  such  as  high  defect  concentration,  high  electrical  resistivity  arid  are  therefore  of 
scientific  interest  as  well.  Previous  reports  revealed  that  LTMBE-GaAs  layers  grown  at  substrate 
temperatures  in  the  range  of  2(X)-250°C  are  high  quality  single  cry.stals  with  >  1  atomic  %  excess 
As  11-3).  These  layers  have  lattice  parameters  larger  than  that  of  a  normal  GaAs  crystal  by 
-0. 1  %  as  measured  by  x-ray  rocking  curve  experiments.  The  breakdown  of  the  crystallinity  in 
these  layers  occurs  al  growth  temperature  below  200°C  |6).  At  Tg<200°C,  only  a  thin  layer 
(<2pm)  of  good  quality  GaAs  can  be  grown  before  a  high  density  of  "pyramidaT  defects 
nucleates  and  columnar  polycrystalline  growth  starts. 

Electron  paramagnetic  resonance  measurements  on  LTMBE-GaAs  layers  showed  that  these 
layers  have  ~5x  10**cm'3  As  antisite  defects  12].  In  addition,  they  are  also  found  to  be  highly 
resistive  and  possess  no  measurable  photoluminescence  signal  ( 1 ).  Subsequent  annealing  of 
these  layers  above  400°C  in  As  oveipressure  results  in  a  uniform  semi-insulating  property  and 
the  lowering  of  their  lattice  parameter  to  the  value  of  stoichiometric  GaAs  grown  at  normal 
temperatures  (~6()0°C).  Transmission  electron  microscopy  (TEM)  investigation  revealed  that  As 
precipitates  with  diameter  ranging  from  2  to  5  nm  are  formed  in  the  layers  after  annealing(2-51. 
The  As  precipitates  formation  in  the  LTMBE  layers  has  been  studied  in  detail  by  many 
investigators  (4,.‘5,8).  Recently,  it  has  also  been  speculated  that  the  semi-insulating  nature  of  the 
annealed  LTMBE-GaAs  layers  is  the  result  these  As  precipitates  15). 

In  this  paper  we  report  on  an  investigation  of  the  LTMBE-GaAs  layers  grown  at  Tg=2()0°C 
using  ion  beam  techniques,  namely,  particle  induced  x-ray  emission  (PIXE),  Rutherford 
backscattering  spectrometry  (RBS),  and  the  combination  of  these  techniques  with  ion 
channeling.  Our  study  addresses  on  the  issues  of  stoichiometry,  defects  arising  from  the  off- 
stoichiometry,  and  the  lattice  location  of  excess  As  in  the  layers. 
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EXPERIMENTAL  PROCEDURES 

The  LTMBE-GaAs  layers  were  grown  on  semi-insulating  liquid-encapsulated  Czochralski 
(100)  GaAs  substrates.  The  samples  were  grown  using  a  Varian  GEN  II  MBE  system  at  Tg  = 

200°C  with  a  growth  rate  -Ipm/hr.  The  thickness  of  the  layers  grown  is  -2-3  pm.  Some  of  the 
layers  were  annealed  at  600°C  in  the  MBE  chamber  with  an  As  overpressure.  The  stoichiometry 
of  LTMBE-GaAs  layers  was  measured  by  PIXE  using  a  1 .2  MeV  beam  with  samples  tilted  at 
60-70°  with  respect  to  the  ion  beam.  The  beam  energy  and  the  tilt  anlge  were  chosen  so  that  the 
x-ray  emitted  by  the  substrate  GaAs  is  <  10%  of  the  total  collected  x-ray  signals.  The  x-rays 
emitted  were  detected  by  a  Si(Li)  detector  located  at  30°  with  respect  to  the  ion  beam. 

The  crystallinity  and  the  depth  profile  of  crystalline  defects  in  the  LTMBE-GaAs  layers 
were  characterized  by  RBS  in  the  channeling  orientation  using  a  1.95  MeV  ^He'*'  beam.  Back- 
scattered  particles  were  analyzed  by  a  Si  surface  barrier  detector  located  at  165°  with  respect  to 
the  ion  b^m.  The  samples  were  mounted  on  a  two-axis  goniometer  for  alignment  The  lattice 
location  of  the  excess  As  atoms  in  the  LTMBE-GaAs  layers  grown  at  200°C  was  studied  by 
PIXE/channeling  using  a  0.5  MeV  beam.  The  ion  beam  was  aligned  along  the  <1 10>  axis  of 
the  layer.  Angular  scans  were  obtained  by  tilting  the  sample  parallel  to  a  1 1 10)  plane  across  the 
<1 10>  axis  and  measuring  the  Gaga  and  Asxp  x-rays.  The  x-ray  yields  at  each  tilt  angle  were 
normalized  by  the  values  obtained  when  the  ion  beam  was  not  aligned  with  any  axis  of  the 
sample  ,  i.  e.,  in  a  random  direction. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  GaKp  and  Asko  x- 
rays  obtained  by  PIXE  for  a  LTMBE  GaAs 
layer  (Tg=2(X)°C)  and  the  bulk  GaAs 
standard  normalized  by  the  GaKa  x-ray 
(not  shown  in  the  figure).  The  higher 
Asko  x-ray  yield  from  the  LTMBE  layer 
indicates  the  presence  of  excess  As  in  the 
layer.  Over  10®  counts  of  GaKa  and  Askq 
x-rays  were  accumulated.  The  relative 
composition  of  the  layer  [Asl/lGa)  is 
calculated  by  taking  the  ratio  of  the  total 
measured  AsKa  and  the  GaKa  x-rays  and 
comparing  this  ratio  to  that  obtained  for  a 
bulk  GaAs  standard.  Since  the  GaKp  and 
the  AsKa  x-rays  are  not  resolved,  it  ts 
necessary  to  subtract  the  GaKp  x-ray  from 
the  total  yield  in  order  to  obtain  a  more 
accurate  (As|/(Ga|  ratio.  This  is  carried  out  by  assuming  a  fixed  GaKp/GaKo  yield  ratio.  The 
overall  statistical  error  associated  with  this  measurement  is  estimated  to  be  -0.2%.  The  amount 
of  excess  As,  AlAs]  =  (lAsJ  |Ga))/(|Asl-tIGa)),  in  this  case  is  =  0.01  (=  4x1029  atoms/cm^). 
The  effect  of  annealing  on  the  stoichiometry  of  the  LTMBE  layers  is  also  studied.  PIXE  results 
show  that  when  the  layers  were  annealed  under  an  As  overpressure,  there  is  no  significant 
change  in  A[As|  up  to  an  annealing  temperature  of  600°C. 

X-ray  rocking  curve  measurements  on  the  unannealed  LTMBE  layers  show  that  the  lattice 
parameter,  a  of  the  layers  is  considerably  larger  than  that  of  a  normal  GaAs  crystal,  ab  12,6,7|. 
The  deviation  in  the  lattice  parameter,  Aa=(a-ab)/a,  is  found  to  be  -0.2%,  Therefore,  the  PIXE 
and  x-ray  results  show  that  more  excess  As  is  incorporated  into  the  layer  at  Tg  =200°C  and  that 
the  dilation  of  the  lattice  parameter  in  the  layers  can  be  attributed  to  the  presence  of  excess  As 
atoms  in  the  layer. 

Rocking  curve  measurements  (7)  on  samples  annealed  in  As  overpressure  .show  that  the 
lattice  parameter  of  the  layers  gradually  decreases  as  the  layers  are  annexed  at  temperatutes 
higher  than  300°C  and  finally  resume  the  bulk  value  when  the  annealing  temperature  reaches 
4,50°C.  Since  no  As  loss  can  be  detected  by  PIXE,  the  excess  As  atoms  are  believed  to  coale.sce 
forming  As  precipitates  in  the  layer  and  thus  returning  the  lattice  parameter  to  ab-  This  is 


AsKo 


Fig.l  1.2  MeV  H"*"  PIXE  spectra  from  the 
bulk  GaAs  standard  and  a  LTMBE  GaAs 
layer  grown  at  Tg=200°C.  Only  the  Gagp 
and  AsKa  peaks  are  shown  in  the  figure. 


confirmed  by  TEM  experiments  which  observed  small  As  precipitates  (2-3  nm  in  diameter)  in  a 
LTMBE  layer  (To=200°C)  annealed  at  450“C  under  As  overpressure  [8). 

For  LTMBE  layers  grown  at  Tg  2  200°C,  the  RBS/channcling  spectra  are  very  similar  to 
that  of  the  bulk  GaAs  sample  with  slightly  higher  dechanneling  in  the  spectra  from  the  layer  as 
the  ions  penetrate  deeper  into  the  layer.  Fig.  2  shows  the  <1 10>  align^  RBS  spectra  from  a 
bulk  GaAs  and  a  LTMBE  layer  grown  at  Tg=2()0°C  as  grown  and  annealed  at  600°C  under  As 
overpressure.  Note  that  except  for  the  higher  dechanneling  rate  in  the  spectra  from  the  layers,  all 
the  spectra  are  very  similar  to  the  bulk  one  indicating  that  the  layers  have  good  crystalline  quality. 
Since  TEM  experiments  did  not  reveal  any  extended  defects  in  these  layers,  we  can  assume  that 
the  higher  dechanneling  rates  in  the  layers  are  due  to  point  defects.  The  concentration  of  point 
defects  can  be  calculated  from  the  RBS/channeling  spectra  as  outlined  in  Feldman  et.  al.  (12) 

The  point  defect  concentrations  in  the  as-grown  and  annealed  layers  calculated  from  the  data  in 
Fig.  2  are  shown  in  Fig.  3.  A  uniform  distribution  with  no-  1 .7x  1  O^bcm'^  is  observed  in  the  as- 
grown  layer.  This  value  of  no  is  lower  than  the  total  excess  As  concentration  measured  by  PIXE 
in  this  layer  (~4.0x  i  The  no  for  the  annealed  sample  increases  from  -1x1  at  tj,e 

surface  to  a  constant  value  of  ~4.6xl0®*cm'3  at  0.4  pm  depth.  This  saturated  value  of  point 
defect  density  agrees  very  well  with  the  excess  As  concentration  in  the  layer,  indicating  that  most 
of  the  excess  As  in  the  annealed  layer  exist  in  the  form  of  random  point  defects  contributing  to 
the  dechanneling  of  the  ion  beam.  TEM  on  this  layer  revealed  that  small  As  precipitates  (2-3  nm 
in  diameter)  are  present  in  this  layer.  These  precipitates  are  either  amorphous  or  "pseudocubic” 
constrained  by  the  GaAs  host  crystal  {8|.  These  observations  are  in  good  agreement  with  the 
RBS/channeling  results.  The  fact  that  the  no  in  the  as-grown  layer  is  much  lower  than  the  excess 
As  concentration  suggests  that  the  excess  As  in  the  as-grown  layer  may  be  in  the  Ga  sites  or 
sitting  in  specific  sites  close  to  the  normal  host  sites  and  therefore  with  a  dechanneling  factor,  Od 
smaller  than  that  of  a  random  point  defect.  To  investigate  the  lattice  location  of  the  excess  As 
atoms  in  the  layer,  PlXE'channeling  experiments  were  also  carried  out. 

Figure  4  shows  the  angular  scans  of  the  GaKa  and  Ask]!  x-rays  across  the  <1 10>  axis 
along  a  ( 1 101  plane  from  (a)  the  bulk  GaAs  standard  and  (b)  the  as-grown  LTMBE  layer.  The 
<1 10>  axis  is  chosen  since  the  Ga  and  As  atoms  form  separate  rows  in  this  direction  I12,13J 
defining  two  separate  channels,  one  bound  by  three  Ga  rows  and  the  other  by  three  As  rows. 
Since  the  critical  angle  for  channeling  t|r  is  proportional  to  the  square  root  of  the  atomic  number 
Z2  of  the  target  atoms  forming  the  channel,  i.e.  y~:Z2‘^  1 12]  the  values  of  the  y  for  the  scans 
arising  from  the  <1 10>  channel  as  defined  by  the  Ga  and  As  strings  should  be  different.  In  this 
case,  y(Ga)/y(As)<«:‘'/(3 1/33)  =  0.97.  The  critical  half  angle  V)/2  0f  the  scans  is  defined  as  the 
angular  deviation  between  the  channeled  direction  and  the  angle  at  which  the  x-ray  yield  is  equal 
to  half  of  the  value  when  the  alignment  of  the  beam  is  far  from  the  axial  channel.  Since  yi/2“V, 
the  measured  yi/2  values  are  also  Table  I  summarizes  the  average  yi/2's  of  the  Gaga 


Fig.2  1.9.'i  MeV  <1 10>  aligned  RBS 
spectra  from  a  LTMBE  layer  (Tg=200“C) 
as  grown,  annealed  in  As  overpressure  at 
6(X)°C,  and  a  bulk  GaAs  standard. 


Fig. 3  Point  defect  concentration,  no  as  a 
function  of  depth  derived  from  the 
channeling  spectra  in  Fig.  5  for  the  as 
grown  and  annealed  LTMBE  layer. 
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Table  I.  A  summary  of  the  average  critical  half  angles, the  minimum  yield,  Xmin.  and 
the  X  ratios  obtained  for  the  Ga^a  and  Asgp  scans  of  the  bulk  GaAs  standvd  and  the  as 
grown  and  annealed  LTMBE  GaAs  layers. 


Average  vi/2  <110> 

(±0.03")  Xmin 

Vi/2(^®Ka^ 


Vl/2(ASKp) 

GaKa 

AsKp 

Bulk  GaAs 

0.79 

0.85 

0.93 

0.20 

0.17 

As-grown  LTMBE 

0.78 

0.74 

1.05 

0.23 

0.22 

Annealed  LTMBE 

0.78 

0.80 

0.97 

0.21 

0.20 

and  AsKp  scans  and  Xmin  for  the  bulk  standard,  the  as-grown  and  the  annealed  LTMBE  layers. 
The  ratios  x=\)ri/2(Ga)Alti/2(As)  for  the  three  samples  are  also  tabulated. 

In  Table  I  we  notice  that  x=0.93  for  bulk  GaAs,  slightly  lower  than  the  calculated  value 
0.97.  Since  the  ratio  of  the  x-ray  absorption  coefficient  of  AsKp  to  that  of  the  Gaga  'n  GaAs  is 
2,  the  mean  emission  depth  of  the  GaKa  is  greater  than  that  of  tne  AsKp.  The  net  effect  of  this  is 
that  the  Vi/2(Ga)  becomes  narrower  due  to  dechanneling  of  the  beam  at  greater  depth  in  the 
sample.  Therefore  x  <0.97  in  our  measurement  is  consistent  with  the  calculation.  For  the  as- 
grown  LTMBE  layer,  x=1.05,  much  greater  than  that  for  bulk  GaAs.  Notice  also  that  the 
absolute  values  of  the  yi/2(Ga)  for  the  three  samples  are  equal  within  a  measurement  error 
(±0.04°).  The  significant  narrowing  of  the  \(fi/2(As)  for  the  as  grown  LTMBE  layer  indicates 
that  the  <1 10>  channel  as  defined  by  the  As  strings  is  smaller.  The  most  probable  cause  for  this 
is  the  presence  of  As  atoms  slightly  displaced  from  the  normal  As  position  into  the  <1 10> 
channel.  Since  the  PIXE  results  reveal  that  =4x10^  excess  As  atoms/cm^  are  present  in  the 
layer,  the  narrowing  of  the  Vl/2(As)  can  be  interpreted  as  the  result  of  the  presence  of  excess  As 
atoms  located  close  to  the  As  atom  rows. 

In  Fig.  4(b)  we  also  observe  two  "kinks"  in  the  Asgp  scan  at  tilt  angle  ==0.35°  in  both 
directions  of  the  scan  for  the  as-grown  LTMBE  GaAs  as  indicated  by  the  arrows  in  the  figure.  It 
should  be  pointed  out  that  although  these  "kinks”  are  only  slighdy  larger  than  the  measurement 
error,  they  are  reproducible  in  the  as-grown  sample  but  are  not  observed  in  either  the  annealed  or 
the  bulk  standard  sample.  However,  due  to  the  relatively  large  statistical  error,  the  following 
quantitaive  analysis  on  these  "kinks"  can  only  provide  a  rough  estimation.  Using  the  continuum 
model  formulated  by  Lindhard  1 14),  the  atomic  displacement  r*  can  be  related  to  the  \(;i/2  by  the 
following  expression: 


Vt/2~ 

where  C  is  a  constant  and  a  is  the  Thomas-Fermi  screening  distance.  For  a  normal  crystal,  r,  is 
just  the  transverse  rms  thermal  vibration  amplitude,  p  (=0. 1202  A  for  GaAs).  A  rough  estimate 
using  0..35°  as  the  half  angle  for  the  displaced  As  atoms  yields  a  projected  displacement  rx=0.3  A 
in  the  as-grown  LTMBE  sample. 

In  the  <1 10>  axis,  as  the  sample  is  tilted  parallel  to  a  { 1 10)  plane,  the  ion  beam  will 
interact  with  an  As  string  in  one  direction  and  a  Ga  string  in  the  other  direction.  This  asymmetric 
effect  has  been  used  to  identify  the  lattice  location  of  impurity  atoms  in  many  111-V 
semiconductors  1 15,16).  In  our  channeling  results,  the  direction  toward  the  negative  tilt  angles 
corresponds  to  the  direction  toward  the  As  string.  This  is  confirmed  by  the  Rutherford 
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(a)  (b) 

Fig.4  Angular  scans  of  the  GaKa  and  Ask^  x-rays  obtained  as  the  samples  are  tilted  parallel 
a  (1 10)  plane  about  a  <1 10>  axis  for  (a)  a  bulk  GaAs  standard,  and  (b)  the  LTMBE  GaAs 
layer.  Note  the  "kinks”  in  (b)  in  the  As  scan. 

backscattering  results  recorded  simultaneously  with  PIXE.  The  Vj/2's  and  x  ratios  for  Gaga 
and  AsKp  from  both  the  bulk  and  the  as-grown  LTMBE  GaAs  as  the  sample  is  tilted  toward  the 
As  row  parallel  to  a  { 1 10)  plane  are  tabulated  in  Table  11.  The  pronounced  narrowing  in  the 
Asgp  scan  from  the  LTMBE  GaAs  sample  suggests  that  the  excess  As  atoms  in  the  sample  are 
preferentially  bonded  to  the  As  atoms  in  the  normal  As  sites.  The  stronger  "kink"  toward  the  As 
string  direction  in  the  As  scan  in  Fig.  4(b)  also  confirms  this  suggestion. 

Experiments  perfotmed  on  as-grown  LTMBE-GaAs  layers  using  convergent  beam  electron 
diffraction  (CBED)  and  large-angle  diffraction  pattern  (LACBED)  1 10]  .suggested  that  the  excess 
As  atoms  in  these  layers  do  not  reside  on  tetrahedral  interstitial  sites.  The  CBED  and  LACBED 
results  can  be  explained  by  assuming  that  the  As  atoms  form  lower  symmetry  split  interstitials 
along  the  <  1 1 1  >  axis,  i.e.,  assuming  that  an  As  atom  at  1/4  1/4  1/4  in  the  unit  cell  is  shifted  to  a 
new  position  1/8  1/8  1/8  and  an  interstitial  is  insened  at  3/8  3/8  3/8  [  10).  Our  PlXE/channeling 
results  are  compatible  with  this  suggestion. 

Ion  channeling  experiments  on  the  annealed  LTMBE  sample  show  that  the  narrowing  on 
the  Asgp  scan  is  less  than  that  of  the  as-grown  sample.  For  the  annealed  sample,  x=0.97, 
slightly  higher  than  that  of  bulk  GaAs.  The  slight  narrowing  of  the  Asgp  scan  of  this  sample 
may  then  be  caused  by  the  random  scattering  from  these  As  precipitates.  The  slight  increase  in 
the  Xinin(As)  of  this  annealed  sample  as  compared  to  the  standard  also  indicates  that  - 1  -2  %  of 
the  As  atoms  in  the  sample  are  not  in  registry  with  the  matrix  as  viewed  along  the  <  1 10> 
direction. 

The  PlXE/channeling  results  reveal  that  the  excess  As  atoms  in  the  as-grown  LTMBE  layer 
are  not  in  exact  interstitial  positions  but  are  sitting  close  to  the  normal  As  sites  in  the  lattice. 
Therefore,  the  dechanneling  factor  op  1 12)  for  these  As  atoms  is  expected  to  be  smaller.  With 
this  adjustment  in  od  the  calculated  np  from  the  RBS/channeling  data  is  -2.5xl020cm'^  and  is 
still  lower  than  A(As|  in  the  layer.  The  only  explanation  is  that  a  fraction  of  these  excess  As 
atoms  are  in  exact  substitutional  position  not  contributing  to  the  dechanneling.  Recently,  using 

Table  II.  A  summary  of  the  critical  half  angles,yi/2,  and  the  x  ratios  for  the  GaKa  and 
AsKp  scans  from  the  bulk  GaAs  standard  and  the  LTMBE  GaAs  layer  obtained  when  the 
samples  are  tilted  toward  the  As  atom  string  along  a  (1 10)  plane. 


Vl/2  I0>  toward  the  As  row 

GaKa 

Askp 

X  ratio 

Bulk  GaAs 

0.78 

0.81 

0.96 

LTMBE  GaAs 

0.76 

0.68 

1.12 

150 


optical  absorption  and  electron  pararnagnetic  resonance  techniques,  Kaminska  et.  al.  [7|  found 
'-1.2-1.3xl0^cm'^  neutral  Asca  antisites  in  an  as-^wn  LTMBE  layer  grown  at  Tg=200°C. 
This  result  is  in  good  agreement  with  our  observations  on  ion  channeling. 


CONCLUSIONS 

We  have  found  a  high  level  of  excess  As,  A|  As]  =  0.01 ,  in  LTMBE  GaAs  layers  grown  at 
substrate  temperamre  =  200°C.  The  A(Asl  in  the  layer  is  believed  to  be  responsible  for  the 
dilation  of  the  lattice  constant  in  the  as-grown  layers.  Upon  annealing  in  As  atmosphere  above 
450°C  these  excess  As  coalesce  forming  As  precipitates .  A  large  fraction  (-60%)  of  the  excess 
As  atoms  in  the  as-grown  layers  are  found  to  occupy  a  position  very  close  to  the  normal  As  sites 
in  the  lattice.  The  rest  of  the  excess  As  atoms  are  ^lieved  to  be  in  Asca  antisiies. 
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Abstract 

The  kinetics  of  MBE  growth  of  Ga\^xAliAs  is  studied  theoretically  using  the  stochastic 
model  of  MBE  growth  based  on  the  master  equation  approach  and  the  random  distribution 
approximation.  The  surface  ordering  phenomenon  during  the  001  growth  of  Gao  iAIg  iAs 
is  investigated  as  a  function  of  the  growth  conditions.  The  atom  pair  interaction  energy 
parameters  for  various  surface  configurations  were  obtained  from  the  first  principle  cal¬ 
culations.  The  other  model  parameters  needed  in  the  description  of  the  kinetic  processes 
are  obtained  from  the  available  experimental  data.  The  ordering  kinetics  is  studied  as  a 
function  of  fluxes,  flux  ratio  and  growth  temperature.  The  degree  of  ordering  is  estimated 
in  terms  of  the  short  range  order  parameter.  The  short  range  order  parameter  increases 
with  temperature  till  650°K  and  750°K  for  cation  to  anion  flux  ratios  2  ;  1  and  1  :  5,  re¬ 
spectively.  Beyond  this  critical  temperature,  the  short  range  order  parameter  decreases. 
This  critical  temperature  is  identified  as  the  kinetic  order-di.sorder  temperature.  The 
order-disorder  phenomenon  observed  in  this  theoretical  study  is  explained  in  terms  of  the 
dependence  of  the  surface  migration  rate  of  the  cations  on  the  growth  temperature.  The 
depon  lei.ee  on  the  order-disorder  temperature  on  the  flux  ratio  is  attributed  to  decrea.scd 
surface  migration  for  larger  flux  ratios. 


1  Introduction 

Presence  of  long  range  ordering  in  the  ecs  grown  epilayers  reduces  the  band  gap  of  the 
materials  and  thus  has  implications  in  the  device  applications.  Long  range  order  has 
been  observed  in  many  compound  semiconductors  grown  by  MBE  and  MOCVD  [1-6].  A 
few  of  the  compound  semiconductors  which  exhibit  long  range  order  in  as  grown  samples 
are;  GaAlAs,  GaAsSb,  InAsSb,  GalnAs  and  GalnAsP.  The  presence  of  ordering  in 
the  epilayers  is  usually  observed  using  transmission  electron  microscopy  (TEM).  The 
ordering  observed  in  these  compounds  i.s  shown  to  be  growth  and  surface  conditions  and 
orientation  dependent.  For  example,  in  MBE  grown  Ga^.iArlA^,  it  was  observed  that 
the  degree  of  ordering  as  observed  in  terms  of  the  intensity  of  superstructure  reflections 
in  TEM  observations,  depends  on  the  substrate  orientation,  growth  temperature  and  the 
Al  content.  The  epitaxial  strain  between  substrate  and  the  epilayer  is  also  shown  to  play 
a  role  in  deciding  the  type  and  degree  of  ordering  [6], 

In  this  manuscript,  the  stocha.stic  model  approach  developed  for  the  study  of  the  MBE 
growth  of  compound  semiconductors  [9,10]  is  employed  to  study  the  MBE  surface  ordering 
kinetics  in  6'ai_rA/iAs.  In  section  2,  a  brief  disci'  sion  of  the  stochastic  model  for  the 
MBE  alloying  studies  is  presented.  The  results  ol  the  surface  ordering  kinetic  study  of 
Goi^zAlj-As  along  with  a  di.scussion  of  the  results  is  presented  in  .section  ,7.  Conclusions 
of  this  study  are  stated  in  section  4. 
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2  Stochastic  Model  for  Alloy  Kinetic  Studies 

The  details  of  the  development  of  the  stochiistic  model  for  the  MBE  growth  of  alloy 
compound  semiconductors  arc  presented  elsewhere  [9,10].  Duo  to  limited  space,  only  the 
salient  features  of  the  stochastic  model  are  discussed  in  the  following  section. 


2.1  Time  Evolution  Equations  of  MBE  Kinetics 

The  stochastic  model  describes  the  time  evolution  of  the  macrovariables  of  growth  in 
terms  of  rates  of  the  siirlace  kinetic  processes.  The  development  of  the  model  is  based 
on  the  ma.ster  equation  scheme  and  the  random  distribution  approximation.  detailed 
discussion  of  the  development  of  the  stochastic  model  is  given  in  Rcf.[9,10].  The  assump¬ 
tions  necessary  for  the  derivation  are;  (i)  a  rigid  zinc  blende  lattice  oriented  along  001 
direction,  (ii)  effect  of  surface  reconstruction  and  strain  are  neglected  (iii)  creation  of  anti 
site  defects  is  excluded.  The  kinetic  process  ii.sed  in  the  description  of  the  time  evolution 
equations  are:  adsorption,  evaporation,  and  surface  migration.  The  adsorption  of  atoms 
is  assumed  to  be  equal  to  the  arrival  rate  if  the  cations  arrive  on  the  anion  surface  or 
the  anion  arrives  on  the  cation  surface  and  zero  otherwise.  In  other  words,  the  sticking 
probabilities  for  atoms  arriving  on  proper  surface  is  unity.  The  evaporation  and  surface 
migration  processes  are  described  in  terms  of  Arrhenius  type  rate  equations  involving 
exponential  prefactors  and  binding  energies  of  the  atoms.  It  is  noted  that  there  are  two 
types  of  surface  migration-  intralayer  and  interlayer  surface  migrations.  The  general  form 
of  the  rate  equation  for  the  evaporation  and  the  surface  migration  processes  is  as  follows; 

1  (1) 

where  R  is  the  rate  of  the  kinetic  process  and  the  Eact  is  the  activation  energy  for  the 
kinetic  process.  The  E^ci  for  evaporation  is  the  binding  energy  of  the  surface  atom.  E^^t 
for  the  surface  migration  is  always  less  than  the  energy  of  binding  of  the  atom. 

2.2  Macrovariables 

Two  sets  of  macrovariables  -  one  for  each  sublattice  can  be  defined.  For  the  purpose 
of  this  study,  we  will  assume  that  the  rations,  Ga  and  Al  belong  to  the  even  sublattice 
and  the  anion,  As,  belongs  to  the  odd  sublattice.  The  macrovariables  for  the  2n’''  layer 
are:  concentration  variables,  Cc„(2n)  and  C/i((2n),  atom-vacancy  bond  densities,  Qca{2n) 
and  <3ai(2n)  and  atom-atom  bond  densities,  iV(7„ai(2n),  A'c„co(2n)  and  N^i^i{2n).  All  the 
bonds  referred  in  this  manuscript  are  the  second  nearest  neighbor  bonds,  when  the  whole 
crystal  is  considered.  They  are  also  the  first  nearest  neighbor  inplane  bonds  in  the  (001) 
plane.  Of  the  seven  macrovariables,  only  five  are  independent  because  of  the  following 
relations; 

NGaG«(2n)  =  2CG,(2n)  -  ^-Qoa(2n)  ~  ^-Ng.ai[2») 
for  Ga  —  Ga  bond  density, 

NAiA,{2n)  =  2Ca,(2n)  -  ~QAi(2n)  -  ^-Na.Ai{2n) 


for  Al  —  At  bond  density  and 


r 


► 
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..V„„(2»)  =  2(C^{2«))  -  \Q{‘in)  (2) 

where 

C’„(2..)  =  (1.0-C(2n)) 

and 

C(2n)  =  rG.(2n)  +  C4((2n) 

and 

Q(2n)  =  Qca(2r.)  +  Q4i(2n) 

where  C„(2n)  is  the  vacancy  density,  and  C('2n)  is  the  total  atom  concentration  in  the 
2n'^  layer.  In  Eqn  (2),  it  is  assumed  that  the  inplane  coordination  number  is  four.  Similar 
set  of  equations  can  be  written  for  the  anion  sublattice.  For  the  study  only 

the  cation  sublattice  is  alloyed  and  therefore,  there  are  two  kind.s  of  atoms-  Ga  and  ,4/  arc 
present  in  the  cation  sublattice  and  only  /Is  atoms  present  in  the  anion  sublattice.  There 
will  be  five  independent  variables  for  the  cation  sublattice  and  two  independent  variables 
for  the  anion  sublattice.  Thus,  there  is  a  total  of  seven  independent  macrovariables  whose 
time  evolution  needs  to  be  modeled  for  a  complete  description  of  the  MBE  growth  kinetics. 
In  this  study,  the  independent  variables  for  tlic  cation  sublattice  are  chosen  as:  CGa(2n) 
C4((2n),  Qca(2n),  <34i(2n)  and  fVGa,ii(2n).  For  the  anion  sublattice,  the  independent 
variables  are:  6'4s(2n+!)  and  Qjts(2n+I). 

2.3  The  Alloy  System  and  the  Model  Parameters 

The  alloy  system  studied  is  (7ao.s.4fo.5.4s.  The  Ga  —  Ga  and  Ai  —  Al  second  nearest 
neighbor  pair  interaction  energies  were  obtained  from  the  first  principle  calculations  as 
[111: 


Fca-c,  =  -0.096cF, 


Vm-m  =  -0.096fV 


and 

Voa-A,  =  O.OfKieV'  (3) 

It  is  noted  that  the  Ga  —  Al  pair  interaction  energy  is  more  positive  than  that  of  Ga  —  Ga 
and  Al  —  Al  suggesting  that  surface  ordering  can  occur  if  the  surface  migration  of  atoms 
is  high  enough  to  allow  atoms  to  sample  a  variety  of  surface  configurations  involving 
different  combinations  of  cations  as  the  nearest  neighbors. 

The  mode!  parameters  employed  in  this  study  are  obtained  from  the  data  available 
on  the  MBE  growth  of  GaAs  described  in  Ref.(9,10).  The  growth  conditions  considered 
for  this  study  are:  flux  rate  of  cations  is  2  /I /sec;  cation  to  anion  flux  ratio  are  2  :  I 
and  1  :  .5;  substrate  temperature  is  in  the  range  of  400  —  890"K,  The  relaxation  time 
constants,  r^rjo,  TrM,  t^a,,  and  the  surface  migration  time  cciistants,  7-j"Ua(7a 
^wiiraA,^  ^inierAl  parameters,  /. 4(  L Were  oblaiiicd  by 

a  similar  procedure  dr-tailed  eksewhere  [9]  and  are  reported  ii\  I’able  I  for  various  growth 
conditions. 

Since  the  equations  governing  the  time  evolution  of  the  macrovariables  are  coupled 
nonlinear  first  order  differential  equations,  they  are  not  analytically  integrable.  They  were 
numerically  integrated  using  a  predictor-corrector  numerical  integration  scheme  on  a  .SFN 
Sparc  station.  The  average  computational  time  for  a  typical  growth  of  3-6  monlayers  was 
20  CPU  hours. 
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Table  I.  Model  parameters,  the  relaxation  time  constants,  Tficja  and 
the  flux  parameters,  and  Las^  the  interaction  energy  parameters,  Ac/a-Co 
and  KAi-Gai  and  the  surface  migration  parameters,  r^Ca  and  toas  ^  a  func¬ 
tion  of  growth  temparaturc  for  fiux  ratio  2  :  1  and  1  :  5.  It  is  noted  that 
TRGa  =  TnAl\  ^'Ga  =  Kca-Ga  =  ^DGa  =  TDM- 


r  »A' 

TrOo 

^Ga 

Tka. 

La. 

f^Ga—Go 

Kca-At 

7v  A9  —  A$ 
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3  Results  and  Discussion 


The  macrovariablcs,  C’co(2n),  CMi('2n).  0,(2n+I),  QaA'^n],  Q,^i(2n).  Q^,(2n+1),  and 
yV(7a^i(n)  were  obtained  as  a  function  of  time  for  various  temperatures  in  the  range  of 
400-890°  K,  The  short  range  order  (SRO)  parameter  given  by; 


(  Na„na(2n)-HV,„.,l(2n)-Nc„,„(n)\ 

f  C(2n)  J 

c:?( 

'  f  N,4,^,(2n)  +  Nf;„4i(2n)\ 

,  r(j„)  ; 

was  evaluated  for  various  temperatures.  The  layers  numbered  1  to  3  are  the  first  three 
layers  which  are  about  9b%  complete.  Plot  of  SRO  parameter  versus  temperature  is  shown 
in  Figures  la-b  for  flux  ratios  2  ;  1  cand  1  ;  5,  respectively. 

In  the  ca,se  of  flux  ratio  2  ;  1,  the  SRO  parameter  increases  till  O.W’K  and  then 
decreases  with  increasing  temperature  as  shown  in  Figure  la.  In  the  ca.se  of  flux  ratio  1  : 
.5,  the  SRO  parameter  increases  till  700“K,  and  then  derrea.ses  with  temperature  as  shown 
in  Figure  lb.  Thus,  the  temperature  at  which  the  SRO  parameter  starts  to  decrea,se.  called 
the  kinetic  order-disorder  temperature  is  found  to  be  (i.")0"K  and  7.50‘’K  for  the  flux  ratios 
2  :  1  and  1  :  .5,  respectively.  The  temperature  dependence  of  the  SRO  parameter  can 
be  explained  as  follows.  In  the  low  temperature  range,  the  surface  migration  is  small 
and  therefore,  rations  adsorb  at  the  sites  in  and  around  the  sites  of  their  arrival,  ,\s 
the  arrival  of  the  atoms  is  random,  they  ad.sorb  and  incorporate  on  the  lattice  randomly 
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Figure  1.  Plot  of  SRO  parameter 
versus  growth  temperature 
for  flux  ratios 
(a)  2  ;  i  and  (b)  1  :  .5. 
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which  results  in  a  complete  random  distribution  of  the  Ga  —  6'n,  Al  —  G'n  and  Ai  —  Al 
surface  bonds.  Therefore,  the  SRO  parameter  is  negligible.  As  the  temperature  increases, 
the  surface  migration  rate  increases  resulting  in  more  chances  for  tlie  cations  to  sam;>)e 
various  nearest  neighbor  configurations.  In  the  process  of  sampling,  the  cations  end  up 
with  the  energetically  most  favorable  nearest  neighbor  configurations  which  in  this  case 
are  Ga  having  Al  and  At  having  Ga  as  their  nearc.st  neighbors.  Thus,  as  the  temperature 
increases  the  SRO  parameter  increases.  Beyond  the  order-disorder  temperature,  the  SRO 
parameter  decreases  due  to  two  kinetic  effects.  The  thermal  energy  is  large  enough  to 
break  the  stronger  Ga  —  At  bonds.  Thus,  the  thermal  randomization  of  the  nearest 
neighbor  bonds  results  in  less  ordering  and  a  small  SRO  parameter.  The  other  kinetic 
effect  is  due  to  the  random  evaporation  of  surface  cations  which  randomizes  the  nearest 
neighbor  bonds.  The  second  kinetic  effect  is  minor  at  the  order-disorder  temperature  due 
to  low  thermal  energy  and  becomes  pronounced  above  800°  K. 

The  temperature  dependence  of  the  order-disorder  temperature  with  flux  ratio  is  ex¬ 
plained  as  follows.  As  the  (lux  ratio  inrrea.ses,  the  effective  number  of  surface  migration 
jumps  of  a  cation  decreases  because  the  time  interval  between  the  time  of  its  arrival  on 
the  surface  to  the  time  of  adsorption  of  an  anion  on  it,  decreases.  In  other  words,  the 
effective  length  of  time  for  which  the  cation  is  on  the  surface  during  which  it  is  free  to 
surface  migrate  decreases  with  flux  ratio.  Therefore,  to  achieve  the  same  level  of  effective 
surface  migration,  extra  thermal  energy  is  needed  for  higher  flux  ratios.  Therefore,  the 
order-disorder  temperature  increases  with  the  flux  ratio.  Influence  of  evaporation  of  the 
kinetics  of  order-disorder  at  temperatures  close  to  the  order-disorder  temperature  were 
found  to  be  minor. 


4  Conclusion 

In  this  study,  a  theoretical  model  of  MHF,  growth  is  employed  to  study  the  surface  ordering 
kinetics  of  Gai.j-At^As  as  a  function  of  growth  conditions.  The  degree  of  ordering  was 
calculated  in  terms  of  the  SRO  parameter.  It  was  observed  that  the  SRO  parameter 
increases  with  increasing  temperature  in  th"  lo>.  temperature  range  and  then  decreases. 
The  temperature  of  this  transition  from  order  to  disorder  called  kinetic  order-disorder 
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tomporatiirc  is  identified  for  (lux  ratios  2  :  1  and  1;  5,  as  and  750°k.  The  kinetics 

of  the  surface  ordering  phenomenon  as  a  function  of  growth  condition  is  sliown  to  be 

dependent  of  the  effective  surface  migration  of  cations,  ft  is  also  shown  that  beyond 

800°K,  the  evaporation  of  cations  dominates  the  kinetics. 
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ABSTRACT: 

Materials  grown  at  a  low  temperature  by  MBE  and  subsequently  annealed  at  a 
high  temperature  have  cm  excess  amount  of  Arsenic  and  have  demonstrated 
high  dielectric  breakdown  strength  and  low  carrier  lifetime.  These  prop>erties 
have  found  applications  in  analog  and  switching  power  applications,  in 
picosecond  pulse  generation,  in  device  isolation  and  in  the  selective 
intermixing  of  heterostructures.  This  paper  reviews  these  applications. 

1.  INTRODUCTION: 

Low  Temperature  GaAs  or  LT  GaAs  refers  to  GaAs  grown  at  a  low 
temperature  (typically  200OC)  by  MBE.  The  material  and  its  initial  applications 
were  pioneered  by  Calawa  and  Smith  at  the  MIT  Lincoln  Laboratories.  Their 
work  concentrated  on  material  that  was  grown  at  200OC  and  subsequently 
annealed  at  600°C  for  10  minutes.  This  stabilized  LT  GaAs  was  found  to  be 
highly  resistive  and  optically  inactive.  These  properties  have  been  exploited 
in  a  variety  of  electronic  and  opto-electronic  applications  which  this  pap>er 
will  attempt  to  review. 

2  ELECTRONIC  APPLICATIONS: 

2.1  LT  Materials  as  a  Buffer. 

The  first  application  of  LT  GaAs  by  Smith  etalll],  was  as  a  buffer  for  a  GaAs 
MESFET.  The  most  dramatic  impact  as  shown  in  figure  1  was  on  the  virtual 
elimination  of  backgating  in  these  MESFETs  compared  to  those  fabricated  on 
proton  implanted  undoped  buffers.  Sidegating  is  caused  by  the  injection  of 
carriers  from  a  contact  which  modify  the  depletion  region  at  the 
substrate/channel  interface  and  hence  the  channel  current[2j.  This  current  is 
suppressed  by  orders  of  magnitude  by  LT  GaAs  because  the  large  trap  density 
in  the  material  (>10'^cm-3)  raises  the  trap-filled  limit  voltage,  Vtfl,  before  the 
onset  of  charge  injection. 

LT  buffer  technology  has  also  been  applied  to  the  AllnAs-GalnAs  HEMT 
system.  Brown  etal[3],  compared  the  performance  of  HEMTs  with  LT  AlInAs 
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Figure  1:  Exjjerimental  data  from 
Smithetal[ll  verifying  that  LT  GaAs  as 
a  buffer  virtually  eliminated 
backgating  in  the  dark  and  in  the  light 
compared  to  conventional  buffers.  -5  . 
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Figure  2:  The  epitaxial  layer  design 
and  the  performance  of 
AllnAs/GalnAs  HEMTs  with  0.2pm 
gate  length.  The  kink  effect  is 
effectively  suppressed  in  these 
devicesOj. 
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(grown  at  15CPC  and  subsequently  annealed  at  500‘X!  for  10  minutes)  and 
conventional  AlInAs  buffers.  As  shown  in  figure  2,  the  LT  AlInAs  buffer 
eliminated  the  kink  in  the  I-V  characteristic  which  occurs  in  AlInAs-GalnAs 
HEMTs  with  conventional  buffers.  The  kink  is  considered  to  be  caused  by  the 
field  ionization  of  traps  in  the  AlInAs  buffer.  The  change  in  trap  occupancy 
shifts  the  threshold  voltage  of  the  device  and  hence  the  drain  current.  The  LT 
AlInAs  provides  a  very  high  density  of  traps  with  a  very  high  capture  and 
emission  rate  which  renders  the  trap  occupancy  and  hence  the  threshold 
voltage  independent  of  the  electric  field,  eliminating  the  kink  effect.  Record 
power-delay  product  of  4fJ  per  gatel4),  was  obtained  from  ring  oscillators 
fabricated  using  HEMTs  with  the  LT  AlInAs  buffer. 

2.2  LT  GaAs  as  a  Gate  Insulator. 

The  major  issue  in  power  MESFETs  is  the  breakdown  voltage  of  the  gate- 
drain  diode.  Figure  3  illustrates  schematically  the  four  regions  where 
breakdown  can  occur  i.e.  (1)  the  bulk,  (2)  the  surface,  (3)  the  drain  and  the  (4) 
the  channel/substrate  interface.  All  of  these  are  regions  of  local  electric  field 
maxima.  Models  provided  by  Barton  and  Ladbrooke(5],  Mizuta  etal[61  and 
Trew  and  Mishra[71  suggest  that  under  most  operating  conditions,  surface 
leakage  and  breakdown  explains  the  details  of  observed  MESFET  breakdown 
behavior.  Yin  etal[81  utilized  the  high  breakdown  strength  of  a  surface  layer  of 
LT  GaAs  placed  under  the  gate  to  delay  the  onset  of  surface  breakdown.  As 
shown  in  figure  4,  this  resulted  in  the  doubling  of  the  gate-drain  breakdown 
voltage  over  a  conventional  MESFET.  Figure  4  also  illustrates  that  an  AAs 
layer  was  used  as  a  barrier  between  the  LT  GaAs  and  the  underlying  channel 
to  prevent  the  back  diffusion  of  As  from  the  LT  GaAs  into  the  channel.  Chen 
et  al[9]  fabricated  MISFETs  using  a  similar  technology  and  obtained  a  record 
power  output  of  L57W/mm  at  1.1  GHz. 

2.3  LT  Materials  as  Diffusion  Barriers. 

The  diffusivity  of  dopant  species  such  as  Be  and  Si  in  ternaries  such  as 
GalnAs  and  AlInAs  is  a  strong  function  of  growth  temperature.  The  reduced 
diffusivity  at  low  tempieratures  has  been  used  by  Metzger  etaljlO]  and  Schmitz 
etal[ll]  to  good  effect  in  improving  the  performance  of  AlInAs-GalnAs  HBTs 
and  HEMTs  respectively.  Figure  5  summarizes  the  device  improvements 
achieved  by  introducing  a  LT  GalnAs  layer  grown  at  30CPC  as  a  diffusion 
barrier  between  the  heavily  doped  p+GalnAs  base  and  the  n-AlInAs  emitter. 
In  the  absence  of  the  LT  layer  the  E(e  diffuses  into  the  AlInAs  emitter  locating 
the  p-n  junction  completely  within  the  AlInAs,  hence  forming  a 
homojunction  AlInAs  emitter  reducing  p.  Maintaining  the  integrity  of  the  n- 
AlInAs/ p-GalnAs  heterojunction  via  the  LT  GalnAs  spacer  has  resulted  in 
devices  with  record  fT  of  130  GHz  and  divider  operation  at  36  GHz. 
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LT  AlInAs  has  been  used  as  an  effective  diffusion  barrier  in  the  case  of 
inverted  AlInAs-GalnAs  HEMTs  as  shown  in  figxire  6.  The  most  difficult 
problem  in  this  technology  is  that  Si  tends  to  surface  segregate  on  AlInAs  and 
dope  the  GalnAs  channel  leading  to  reduced  electron  mobilities.  The 
introduction  of  a  LT  AlInAs  spacer  between  the  donor  layer  and  the  GalnAs 
channel  traps  the  Si  and  prevents  its  incorporation  in  the  channel.  This  has 
led  to  inverted  modulation  doped  structures  with  sheet  charge  density ,ns,  of 
3xl0l2cm'2  and  electron  mobility  of  10,000  cm^V-ls'l.  Devices  with  0.2pm  gate 
length  fabricated  on  this  material  yielded  an  fy  of  100  GHz  and  an  fmax  of  170 
GHz. 

2.4  LT  Materials  for  Inter  Device  Isolation  (LT  GaAs  based  "LCXZOS”  process) 

The  tremendous  advance  in  integration  density  in  Si  ICs  has  been  primarily 
due  to  the  availability  of  an  oxide  to  achieve  inter-device  isolation  e  g.  by  the 
LOCOS  process.  LT  GaAs  allows  us  to  possibly  mimic  this  process  by 
substituting  LT  GaAs  for  the  Si02.  The  process  flow  as  implemented  is  shown 
in  figure  7.  A  dielectric  sandwich  of  SiN/Si02/SiN  was  first  deposited  on 
GaAs.  A  window  was  etched  into  this  dielectric  stack  using  a  plasma  of 
CF4/O2.  Next,  the  Si02  was  preferentially  undercut  in  BOE  providing  a 
dielectric  profile  suitable  for  lift-off.  Next  the  GaAs  is  etched  through  the 
window  in  the  dielectric  and  LT  GaAs  grown  in  the  recess.  The  LT  GaAs 
deposited  on  the  dielectric  is  then  lifted-off  by  etching  away  the  dielectric.  The 
process  results  in  LT  GaAs  deposited  locally  separating  active  regions  of  the 
wafer  much  like  SiC>2  does  in  a  LCXIOS  process. 

3.  OPTOELECTRONIC  APPLICATIONS  OF  LT  GaAs 

The  opto-electronic  applications  of  LT  GaAs  are  derived  from  three  main 
properties  of  the  material 

(i)  The  high  trap  density  in  the  material  leads  to  very  fast  recombination 
times  -  a  source  of  sub-picosecond  pulses. 

(ii)  The  extremely  low  conductivity  of  the  material  provides  inter-device 
isolation,  and 

(iii)  The  excess  As  in  the  material  is  a  source  of  As  and  its  related  defects. 

In  this  section  the  three  applications  related  to  these  properties  will  be 
presented. 

3.1  Pico-second  Pulse  Generation  using  LT  GaAs. 

A  convenient  way  to  generate  pico-second  pulses  is  by  generating  a  short 
circuit  in  a  transmission  line  through  electron-hole  pair  generation  via  Q- 
switched  laser  illumination.  Figure  8  illustrates  the  approach  of  Frankel 
etalll2]  which  is  typical  for  this  technique.  The  rise  time  and  fall  time  of  the 
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Figure  5:  Using  a  LT  GalnAs  spacer 
(the  thin  insert  in  the  base), 
suppresses  Be  diffusion  and  improves 
device  performance.  Though  a  34 
GHz  waveform  is  shown,  a 
maximum  divider  frequency  of  36 
GHz  was  achieved.[10] 


Figure  6:  Using  a  LT  AlInAs  spacer 
suppresses  surface  segregation  of  Si  in 
AilnAs  preventing  incorporation  in 
the  GalnAs  channel  and  improving 
channel  mobility  in  inverted  HEMTs. 


165 
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Figure  7;  Process  flow  for  implementing  selective  deposition  of  LT  GaAs  to 
achieve  inter-device  isolation.  The  compound  semiconductor  analog  of 
LOCOS. 
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Figure  8:  Geometry  of  experimental 
coplanar  picosecond  switchesll2)  and 
the  observed  radiation  burst[131. 
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Figure  9;  The  epitaxial  layer  design  and  performance  of  a  solar  cell  fabricated 
on  an  LT  GaAs  bufferlH]. 
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voltage  transient  is  determined  by  the  electron  mobility  and  recombination 
time  of  the  material  respectively.  The  materials  of  choice  until  the 
development  of  LT  GaAs  had  been  proton  implanted  Si  or  GaAs.  The 
implant  damage  reduced  the  electron  lifetime  but  also  reduced  the  electron 
mobility  increasing  the  rise  time  while  reducing  the  fall  time  of  the  pulse.  LT 
GaAs,  however,  has  adequate  electron  mobility  while  still  having  a  large  trap 
density  and  low  recombination  lifetime.  These  two  properties  together  along 
with  the  high  dielectric  breakdown  strength  of  the  material  leads  to  large 
pulses  with  extremely  fast  responses.  Chwalek  etal[13]  have  demonstrated  a 
FWHM  of  440fS  using  LT  GaAs  grown  at  190OC  with  an  associated  radiated 
spectrum  beyond  2.5THz. 

3.2  LT  GaAs  as  Epitaxial  Isolation  Layers  in  Solar  Cells. 

Efficient  integration  of  solar  cells  to  provide  large  output  power  requires 
either  cuncnt  matching  or  voltage  matching.  Subramaniam  etal[14]  utilized 
LT  GaAs  between  component  cells  to  achieve  electrical  isolation,  which  could 
be  achieved  previously  with  only  hybrid  mechanically  stacked  structures.  The 
structure  of  the  AlGaAs/GaAs  photovoltaic  cell  with  epitaxial  isolation  as 
fabricated  is  shown  in  figme  and  its  photovoltaic  response  in  figure  9.The  low 
efficiency  of  the  cell  of  5.4%  is  primarily  due  to  the  low  fill  factor  caused  by  the 
series  resistance  of  the  n-type  contact  layer.  This  problem  can  be  readily  solved 
by  increasing  the  carrier  concentration  and  thickness  of  the  layer.  This 
technology  enables  the  integration  of  subcells  that  absorb  different  portions  of 
the  solar  sp)ectrum  onto  a  single  substrate  increasing  not  only  the  output 
power  but  also  the  power  conversion  efficiency. 

3.3  Picosecond  Photoconductivity  using  LT  GaAs 

To  get  picosecond  response  from  photoconductors  it  is  necessary  to  reduce  the 
lifetime  of  the  photoconductive  material.  This  requires  damaging  the 
semiconductor  which  in  turn  affects  the  electron  transport  properties.  The 
reduced  electron  velocity  results  in  a  reduced  electron  transit  time  and  hence 
a  long  photoconductive  response.  Morse  etal[14]  alleviated  this  problem  by 
using  a  graded  AlGaAs  layer  grown  above  a  LT  GaAs  layer  as  shown  in  figure 
10.  Here  the  electrodes  for  the  photoconductor  are  placed  on  the  graded 
AlGaAs  region  which  serves  as  the  transport  layer.  The  built  in  field  in  the 
AlGaAs  is  directed  towards  the  underlying  LT  GaAs  layer.  The 
photogenerated  carriers  drift  in  the  AlGaAs  and  are  collected  by  the 
electr^es.  When  the  incident  radiation  is  switched  off  the  electron-hole  pairs 
drift  towards  the  underlying  LT  GaAs  layer  where  they  recombine.  The  jjeak 
output  current  was  increased  by  a  factor  of  six  and  the  responsivity  by  a  factor 
of  ten  compared  to  conventional  photodetectors. 

3.4  Influence  of  LT  GaAs  on  the  Interdiffusion  of  GaAs/ AlGaAs 
Heterostructures 
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Figure  10;  Picosecond 
photoconauctivity  obtained  by 
having  separate  high  quality  graded 
AlGaAs  drift  layers  and  LT  GaAs 
recombination  layer[151. 


Figure  11;  The  interdiffusion  coeff’dent  of  the  Group  ni  elements  obtained 
from  the  photoluminescence  shift  of  AlGaAs-GaAs  quantum  wells  grown  on 
LT  GaAs  buffers  under  (a)  Ga  and  (b)  As  overpressure. 


169 


An  unique  use  of  LT  GaAs  layers  was  investigated  by  Hwang  etal  where  the 
excess  As  and  its  related  deferts  (such  as  Ga  vacancies)  in  the  LT  GaAs  layer 
was  used  to  intermix  AlGaAs/GaAs  heterostructures.  Intermixing  of 
heterostructures  is  in  prevalent  use  to  provide  lateral  optical  confinement  in 
lasers.  Here  the  selective  conversion  of  a  superlattice  into  a  random  alloy 
increases  its  bandgap  and  hence  provides  the  lateral  confinement.  The 
disordering  is  conventionally  achieved  via  defects  generated  while  selectively 
diffusing  dopants  such  as  Si  and  Zn  through  the  structures  using  SiN  as  a 
mask.  A  single  AlGaAs-GaAs  quantum  well  was  grown  on  an  LT  GaAs  buffer 
and  the  interdiffusion  coefficient  of  the  group  ni  elements  was  determined  by 
the  change  in  the  photoluminescence  characteristic  of  the  quantum  well. 
Assuming  an  error  function  composition  profile,  the  states  of  the  quantum 
well  were  calculated  using  Schroedinger's  equation  and  fit  to  the  observed 
emission  wavelength.  Figure  1 1  shows  the  diffusion  coefficient  extracted 
from  the  PL  data.  The  buffers  investigated  were  an  unannealed  LT  GaAs 
buffer,  an  annealed  LT  GaAs  buffer  and  a  normal  GaAs  buffer. 

This  technology  may  find  applications  in  integrated  opto-electronics. 

4.  Conclusions: 

The  progress  in  the  applications  of  LT  GaAs  in  both  electronics  and 
optoelectronics  has  bwn  rapid.  Since  the  first  use  of  this  material  as  a  buffer 
in  1988,  it  has  found  use  in  power  MESFETs,  picosecond  pulse  generation, 
high  voltage  high  speed  switches,  picosecond  photodetectors,  solar  cells  and 
integrated  optoelectronics.  The  sensational  pace  of  progress  and  the  increase 
in  the  number  of  researchers  in  this  field  promises  to  provide  an  increasing 
number  of  exciting  applications  in  the  future. 
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ABSTRACT 

MBEGaAs  grown  at  low  temperature  (300°C)  is  evaluated  for  its  suitability  as  a  buffer  layer  for 
microwave  power  FETs.  Hall  effect  and  capacitance-voltage  (C- V)  measurements  show  that  low 
temperature  (LT)  buffers  may  have  strong  deleterious  effects  on  the  electronic  quality  of  FET active 
layers  unless  they  are  heat-treated  in-situ  at  600“C  and  topped  with  a  thin  (~().  Ipm)  600°C  GaAs 
buffer  prior  to  growth  of  the  FET  active  layer.  The  voltage  isolation  properties  of  the  LT  buffers  are 
found  to  be  thermally  stable  to  rapid  thermal  anneals  up  to  870°C  for  10  seconds. 

Transmission  electron  micro.scopy  (TEM)cross-.sections  were  examined  on  FET  layers  with  LT 
buffer  layers  which  ranged  in  thickness  from  0.1pm  to  1.0pm.  The  TEM  reveals  a  high  density 
(~  10  *  ^  cm'3)  of  small  (<1 00A)ai5enic  precipitates  in  all  of  the  buffer  layers  studied.  In  cases  where 
the  LT  buffer  is  not  heat  treated  and  topped  with  a  thin  600°C  GaAs  buffer  layer,  dislocations  and 
arsenic  precipitates  extend  from  the  buffer  layer  into  the  FET  active  layer.  Their  presence  'n  the 
active  layer  correlates  with  the  degradation  in  electronic  properties  observed  with  Hall  effect  and  C- 
V.  Microwave  power  FETs  were  measured  at  DC  and  5  GHz.  DC  and  RF  results  for  devices  with 
LT  buffer  layers  are  comparable  to  devices  with  conventional  buffer  layers. 


INTRODUCTION 

It  has  been  known  since  the  1970s  that  MBEGaAs  grown  at  temperatures  below  -450°C  and  rates 
of-lpm/h  exhibits  semi-insulating  behavior,  (1,2|  but  only  recently  has  the  mechanism  for  this 
behavior  begun  to  be  investigated  in  detail  and  seriously  examined  for  potential  applications  such 
as  field  effect  transistors  (3,5|  and  optoelectronic  detectors.(6|  The  LT  buffer  layer  has  been 
demonstrated  to  be  useful  for  the  reduction  of  sidegating  or  backgating  for  FETs  (3|  and  HEMTs. 
(5|  though  not  without  .some  degradation  in  the  performance  of  digital  circuits.|.‘il 

In  this  work  we  compare  materials  and  device  characteristics  of  microwave  power  FETs  grown 
by  MBE  on  LT  and  conventional  buffer  layers.  Hall  effect  and  capacitance-voltage  (C-V) 
measurements  are  utilized  to  qualify  the  electronic  quality  of  the  FET  active  layers  grown  on  top  of 
LT  buffers,  and  to  guide  the  development  of  growth  procedures  for  FET  snmctures  on  LT  buffers. 
Transmission  electron  microscopy  (TEM)  measurements  are  used  to  evaluate  the  microstructural 
defects  in  the  epitaxial  layers.  DC  and  RF  power  measurements  are  reported  for  .S  GHz  power  FETs 
grown  on  conventional  and  LT  buffer  layers. 


MATERIAL  GROWTH  AND  MEASUREMENTS 

More  than  twenty  growth  runs  were  made  in  two  different  Varian  GEN  II  MBE  systems.  GaAs 
(UK))  undoped  substrates  prepared  by  the  LEC  method  wete  used  exclusively.  Substrates  were 
solvent  cleaned,  chemically  etched  in  5: 1;  I  (H2SO4  :  HjOr :  IliO),  and  rinsed  in  DI  water  prior  to 
intrtxluclion  in  the  MBE  system.  In  the  system,  the  substrates  were  heated  to  6(X)°C  in  an  Asa  flux 
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to  desorb  the  surface  oxide,  as  verified  by  refiection  electron  diffraction.  GaAs  growth  was  then 
commenced  at  3(X)°C  with  a  V/III  beam  equivalent  pressure  ratio  of  ~15  and  a  growth  rate  of -1pm/ 
h,  except  for  the  control  wafers  where  growth  was  initiated  and  maintained  at  6(X)°C,  The  thickness 
of  the  LT  buffer  layers  and  post-growth  steps  (whether  or  not  they  were  heat  treated  in-situ  at6(K)°C 
in  an  Asa  flux,  or  capped  with  a  thin  6(10°C  buffer  before  growth  of  the  active  layer)  were  varied  to 
achieve  electronic  quality  in  the  doped  active  layer  comparable  to  the  control  wafers  with 
conventional  buffer  layers.  The  active  layer  was  silicon-doped.  A  representative  epitaxial  test  layer 
structure  is  shown  in  Figure  1. 

The  electronic  quality  of  the  doped  active  layers  was  assessed  with  Hall  effect  (van  de  Pauw)  at 
.^fXlK  and  electrolytic  C-V  profiling.  The  voltage  isolation  propenies  of  the  buffer  were  assessed 
with  a  mesa-to-mesa  current-voltage  characteristic  on  a  test  structure  such  as  depicted  in  Figure  2. 
Voltage  breakdown  was  defined  at  a  current  of  lOpA  and  was  abrupt  in  all  cases.  The  structural 
quality  was  assessed  with  TEM.  TEM  measurements  were  performed  on  cross-sectional  samples 
using  bright  field  imaging.  1.0pm  gate  length  microwave  power  FT-Ts  were  fabricated  using  the 
standard  GF,  C-band  (5  GH/.)  MMIC  process.  This  particular  process  has  a  large  database  of  results 
from  VPE  and  MBE-grown  devices,  both  of  which  behave  similarly.  VPE  and  MBE  control  wafers 
were  processed  in  the  same  lot  with  the  ET  buffered  wafers. 


CHARACTERIZATION  RESULTS 


A.  Electrical  Measurements 

Table  I  shows  the  wafer  growth  and  characterization  data  for  five  wafers.  Wafer  No.  1 176  is  a 
control  wafer,  with  a  conventional  MBE  undoped  buffer  grown  at  6(K)‘^C.  This  yields  a  breakdow  n 
voltage  of  40  Volts  for  our  standard  breakdown  voltage  test  structure  at  a  current  of  lOpA  (Figure 
2).  Breakdown  was  abrupt  on  all  of  the  wafers,  but  substantially  higher  (2.‘i()  Volts)  for  the  low 
temperature  buffers  The  Hall  effect  and  C-V  results  show  considerably  more  active  layer  back-side 
depletion  for  low  temperature  buffers. 

Comparing  No.  1  176,  the  control  wafer,  with  No.  I  ISO,  which  has  an  l.T  buffer  which  was 
untreated  before  growth  of  the  active  layer,  we  observe  a  .VW  reduciion  in  total  free  electrons  w  ith 
Hall  effect  Comparing  No.  1 176  and  1177.  which  has  an  LT  buffer  which  was  heat  treated  at  6IX)  C 
after  growth,  we  observe  a  24'/r  reduction  in  total  free  electrons.  If  we  heal  treat  the  LT  buffer  at 
6(XrCand  then  cap  it  with  aO.  Ipm  6(XT'C  buffer  as  in  No.  I IKI  and  illusiraied  in  Figure  I,  then  we 
observe  no  significant  tree  electron  reduction  (lb; )  or  electron  mobility  reduction  (2''t )  from  the 
control  wafer,  nie  trend  indicates  lhal  with  a  suitable  combination  of  heal  ireaimeni  and  cap  buffer 
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Table  I.  MBE  Low  Temperature  Buffer  Results  ( I  |im  LT  Buffer  Thickness) 


Growth  Data  Characterization  Data 


Wafer 

No. 

Buffer 

Growth 

Temp. 

600'C 

Heat 

Treatment 

Time 

600' C  Cap 
Buffer 
Thickness 

Breakdown 

Voltage 

Hall  Effect  (300K) 

Sheet  Density  Mobility 

(10^^ci|—^)  (CM^/V-S) 

c-v 

Profile  Thickness 

1176 

600‘C 

None 

None 

40V 

8.52 

3800 

Flat 

0.31  gm 

1177 

300‘C 

20  min. 

None 

250V 

6.40 

3510 

Sloped 

0.25  gm 

1180 

300‘C 

None 

None 

260V 

5.66 

3640 

Sloped 

0.25  gm 

1181 

300‘C 

20  min. 

0.1  gm 

250V 

8.42 

3670 

Flat 

0.30  gm 

1182 

300'C 

None 

0.1  gm 

250V 

7.39 

3630 

Flat 

0.29  gm 

thickness,  the  active  layer  electrical  properties  can  be  equivalent  to  those  grown  on  normal  MBE 
buffers,  and  that  the  high  voltage  breakdown  ca-'  h  pres.rvcd 

The  C-V  data  is  also  very  revealing,  showing  a  .i.b'’:'  .  .it  >  thinner  active  layer  for  No,  1 177  and 
1 1 80  (0,25pm)  and  a  sloped  carrier  profile.  Forex  'tipl,.  igure  3  compares  1 176  and  1 177,  The 
sloped  profile  indicates  that  the  added  depletion  by  lo'v  temperature  buffers  is  due  to  more  than 
simply  a  difference  in  Fermi  levels  between  the  active  layer  and  low  temperature  buffer,  and  may 
partially  be  due  to  some  grown-in  defects  in  the  active  layer,  TEM  measurements  described  below 


0  5  10  0  5  10 


Depth  (i.m)  Depth  (nm) 

Figure  3.  Electrolytic  Capacitance-Voltage  Profiles  of  MBE  FET  Structures  Shown  in  Figure  1 .  ta) 
conventional  6(X)°C  MBE  buffer  layer,  wafer  No.  1 176,(b)  lowtempcralurebuffer  layer  heat  treated 
at  6(H)  (■  for  20  minutes  before  growth  of  silicon-doped  active  layer,  wafer  No.  II 77.  Profile  of  No 
I  1 77  iv  sloped  and  shallower  than  the  control  wafer,  indicating  the  presence  of  grown-in  defects. 
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clearly  show  the  presence  of  dislocations  and,  in  some  cases,  arsenic  precipitates  extending  from  the 
LT  buffer  into  the  active  layer.  The  C-V  data  resembles  the  data  for  conventional  buffers  when  the 
LT  buffer  is  heat  treated  and  capped  with  a  thin  600°C  buffer.  Thus,  C-V  and  Hall  effect  results  are 
consistent. 

Thinner  low  temperature  buffers  (0.1-0.5|rm  thick)  with  variable  heat  treatment  times  (5-20 
min.)  and  0.1  pm  cap  buffers  were  also  investigated.  Thinner  buffers  are  desirable  because  they 
promote  lower  densities  and  smaller  sizes  of  oval  defects,  as  well  as  a  shorter  growth  time.  LT  buffers 
of  0.4, 0.25,  and  0.1  pm  (wafers  1 185, 1186, 1 187)allexhibited  good  Halldataand  C-V profiles.  Data 
is  summarized  in  Table  II  The  0.4pm  buffer  had  a  breakdown  voltage  of  190V  while  the  thinner 
layers  both  had  a  160V  breakdown  voltage.  With  thinner  buffer  layers,  the  test  measures  the 
breakdown  voltage  of  the  substrate  (typically  160V)  plus  the  voltage  dropped  across  the  LT  buffer 
because  the  mesa  height  is  comparable  to  the  epitaxial  layer  thickness. 

The  600°C  in-situ  heat  treatment  of  the  LT  buffer  was  investigated  to  determine  if  the  time  could 
be  shortened.  A  shorter  time  would  obviously  enhance  wafer  throughput.  Layers  with  0. 1pm  LT 
buffers  capped  with  600°C  O.lpm  layers  were  grown  with  LT  buffer  heat  treatment  times  of  20,  15, 
5,0  minutes  (wafers  1187, 1188, 1189, 1195).  The  layers  that  were  heat  treated  all  exhibited  160V 
breakdowns  and  good  C-V  profiles.  Hall  data  indicated  a  slight  improvement  with  a  five  minute 
versus  a  1 5  or  20-minute  heat  treatment.  Reduced  impurity  incorporation  on  account  of  the  reduced 
time  may  be  a  factor  for  further  consideration.  The  layer  ( 1 1 95)  with  no  heat  treatment  exhibited  a 
poor  C-V  profile  (sloped  and  reduced  thickness)  and  reduced  Hall  effect  free  electron  sheet  density. 
We  find  that  a  five  minute  heat  treatment  of  the  LT  buffer  is  sufficient  and  piossibly  better  than  the 
20  minute  heat  treatment. 

To  investigate  the  effects  of  a  high  impurity  background,  a  wafer  (1196)  was  grown  with  the  LT 
buffer  intentionally  dopied  with  Si  at  a  level  of  3x10'^  cm"^.  The  breakdown  was  unaffected  by  this 
doping.  The  indicates  that  the  LT  buffer  will  be  highly  tolerant  to  wide  variations  of  background 
impurities  in  epitaxial  systems,  and  so  will  likely  enhance  the  repieatability  of  buffer  insulating 
propierties,  and  pwssibly  enhance  MMIC  yield. 

Wafers  1 176,  1180,  1 177,  and  1 181  were  subjected  to  rapid  thermal  annealing  (RTA)  to  study 
the  effects  of  high  temperature  anneals  used  to  remove  implant  damage  for  n+ ohmic  layer  formation. 
A  piece  of  each  wafer  was  used  for  four  different  anneal  cycles,  then  C-V  measurements  were  made. 
Anneal  cycle  #4  is  used  for  implant  ohmic  formation.  Data  is  summarized  in  Table  111.  Results  of 
the  RTA  study  show  that  the  only  LT  buffer  structure  that  behaved  as  well  as  the  standard  buffer  was 
the  LT  buffer  which  was  heat  treated  in-situ  before  being  capped  with  a  6(X)°C  buffer,  consistent  with 

Table  II,  MBE  Low  Temperature  Buffer  Results  (Varying  LT  Buffer  Thickness) 


Growth  Dat*  Cmaracterizatioh  Data 


Wafer 

No. 

Buffer 

Growth 

Temp. 

LT 

Buffer 

Thickness 

600*C 

Heat 

Treatment 

Time 

600'C  Cap 
Buffer 
Thickness 

Breakdown 

VOITAOE 

Hacl  Effect  (300K) 

Sheet  Dcnsjtv  Mc^mr 
(10^‘cm~4)  (cm4/V-8) 

C-V 

Profile  Thickness 

1185 

300'C 

0.4  (im 

20  min. 

0  1  fim 

190  V 

9.65 

3590 

Flat 

0  29  Jim 

1186 

300X 

0  25iim 

20  min. 

0  1  Jim 

160  V 

10.7 

3580 

Flat 

0  31  Jim 

1187 

300'C 

0.1  ixm 

20  min. 

0  1  Jim 

160  V 

9.62 

3550 

Flat 

0  29  Jim 

1188 

300'C 

0.1  nm 

15  min. 

0.1  Jim 

160  V 

9.61 

3530 

Flat 

0  29  Jim 

1189 

300'C 

0.1  fim 

5  min. 

0.1  Jim 

160  V 

100 

3630 

Flat 

0  29  Jim 

1195 

300'C 

0.1  (im 

None 

0.1  Jim 

185  V 

8  03 

3610 

Sloped 

0  27  Jim 

1196 

300'C 

0  5  pm 

20  min. 

None 

185  V 

684 

3460 

Sloped 

0  25  Jim 
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earlier  comments.  Mesa  isolation  measurements  were  also  performed  on  layers  1 176,  1 177,  1180, 
and  1181  after  anneal  cycle  #4.  The  voltage  breakdown  dropped  ~  I OV  on  the  LT  samples  and  was 
unchanged  on  the  control  wafer,  showing  that  the  isolation  properties  are  stable  to  RTA  anneals. 


R.  TF.M  Measurements 

All  images  were  taken  in  the  bright  field  mode  on  or  near  the  <1 10>  pole.  Figure  4(a)  is  a  cross- 
sectional  micrograph  of  No.  1 177.  Small  (<  lOOA)  particles  are  clearly  visible  in  the  LT  buffer  layer, 
while  the  substrate  and  Si-doped  active  layer  grown  at  600°C  are  apparently  free  of  particles.  Figure 
4(b)  is  aTEM  micrograph  taken  at  higher  magnification  near  the  center  of  an  LT  buffer  layer.  Moire 
fringes,  which  result  when  two  crystals  of  different  lattice  parameter  overlap,  are  clearly  seen  in  many 
of  the  particles.  Since  the  fringes  are  often  in  the  same  direction  and  have  the  same  spacing,  it  may 
be  concluded  that  the  particles  are  crystalline  and  many  have  a  similar  orientation  with  respect  to  the 
OaAs  matrix.  Particle  densities  are  on  the  order  of  10'’^cm^.  High  resolution  imaging  is  shown  in 
Figure  5.  A  separation  of  2.8A  was  measured  for  the  most  strongly  diffracting  planes  in  the  panicles. 
This  compares  well  with  the  most  prominent  d-spacing  in  rhombohedral  arsenic,  which  is  due  to  the 
1 102)  planes  at  2.77A. 

Similar  TEM  observations  of  arsenic  precipitates  in  LT  GaAs  were  reported  recently  in  LT  GaAs 
samples  which  were  heat-treated  in-situ  after  growth  [7, 8)  and  LT  GaAs  samples  which  were  used 
as  buffer  layers  for  subsequent  HEMT  layer  growth. [9,  10)  TEM  comparisons  between  as-grown 
LT  GaAs  and  heat-treated  LT  GaAs  indicates  that  arsenic  incorporates  interstitially  in  as-grown  LT 
GaAs,  and  that  precipitates  form  during  subsequent  heat  treatment  of  continued  layer  grow  th  at 
higher  temperatures  (7,  8). 

For  buffer  layers  studied  here,  typical  precipitate  diameters  range  from  20  to  SOA.  with  a 
somewhat  higher  density  and  larger  size  near  the  center  of  the  LT  buffer.  For  sample  1 1 80,  which 
was  not  heal  treated  prior  to  growth  of  the  Si-doped  layer,  arsenic  precipitates  are  clearly  visible  in 


Table  III.  Effects  of  Rapid  Thermal  Annealing  Cycles  on  C-V  Active  Layer 
Profiles  Grown  on  LT  Buffers. 


Layer 

Cycle  #1 

Cycle  «2 

Cycle  #3 

Cycle  «4 

1176 

Conventional 

Buffer  +  Active 

No 

Change 

No  Change 

No  Change 

Slight  drop  in  doping. 
Slightly  rounded 
interface.  Increased 
surlace  depletion. 

1180 

LT  +  Active 

No 

Change 

Increased 

Sloping. 

Rounded 

Interlace. 

Flatter  profile 
due  to 
increased 
surlace 
depletion. 

Drop  in  doping. 

Flatter  profile  due  to 
Increased  surface 
depletion.  Rounded 
interface. 

1177 

LT  +  Heat  Treatment 
+  Active 

No 

Change 

Rounded 

Interlace 

Same  as  above 

Much  increased 
surface  depletion. 

1181 

LT  +  Heat  Treatment 
+  Cap  +  Active 

No 

Change 

No  Change 

No  Change 

Slight  drop  in  doping. 
Slightly  rounded 
interface.  Increased 

surlace  depletion. 


Anneal  Cycle  #I — <00'Crt0  second  ♦  600'C/10  second 
Anneal  Cycle  #2 — 400'C/10  second  ♦  700’C;10  second 
Anneal  Cycle  #3 — SOO'C/10  second  ♦  800'CrtO  second 
Anneal  Cycle  114 — 400*C/10  second  ♦  BSO'C/IO  second  ♦  07O'C/1O  second 


Figure  5,  High  resolution  (1 10)  Bright  Field  TEM  Image  of  crystalline  arsenic  precipitate.  2.8A 
separation  compares  well  with  the  most  prominent  d-spacing  for  rhombohedral  arsenic. 


the  active  layer  near  the  LT  buffer  interface.  It  is  plausible  that  arsenic  interstitials  near  the  top  and 
bottom  of  the  LT  buffer  can  diffuse  out  of  the  LT  buffer  during  the  600°C  heat  treatment  or 
subsequent  layer  growth.  This  could  explain  differences  in  1177  and  1 1 80.  During  the  20  minute 
heat  treatment  for  1 177,  arsenic  interstitials  in  the  near  surface  region  can  diffuse  to  the  surface  and 
desorb,  leaving  the  near  surface  region  with  a  lower  density  of  arsenic  precipitates.  For  1 1 80,  which 
has  no  heat  treatment,  the  interstitials  can  diffuse  into  the  active  layer  during  growth  and  form 
precipitates  in  the  active  layer. 

Also  seen  in  Figure  4(a)  are  dislocations  which  appear  to  originate  near  the  center  of  the  LT  buffer 
layer  and  extend  up  into  the  Si-doped  layer.  Dislocations  were  not  observed  in  cross-sections  of 
samples  1182  (l.OpmLT  buffer)  or  1195  (0. 1pm  LT  buffer),  though  on  that  basis  we  cannot  rule  out 
theirpresence  because  plan  view  imaging  over  large  areas  was  not  performed.  The  LT  buffers  in  both 
of  these  were  not  heat  treated,  but  were  capped  with  0.1pm  600°C  buffers,  and  both  showed  some 
degradation  in  the  electronic  properties  of  their  active  layers,  but  not  as  much  as  1 1 77  or  1 1 80.  This 
indicates  that  a  600°C  capping  buffer  layer  is  more  important  than  heat  treatment.  LT  buffers  which 
were  not  heat-treated,  but  were  capped  with  relatively  thick  (l.Opm)  600°C  layers  were  shown  to 
yield  modulation-doped  structures  with  comparable  characteristics  to  structures  grown  on  conven¬ 
tional  buffers. f4,  9|. 


FETs  were  fabricated  in  the  same  process  run  on  MBE-grown  layers  with  and  without  an  LT 
buffer.  The  LT  buffers  were  0.9pm-thick,  grown  at  300°C,  heat  treated  at  600°C  in  an  Asa  flux  for 
20  minutes,  and  then  capped  with  a  0.1pm  600°C  buffer.  The  conventional  buffers  were  I.Opm- 
thick,  grown  at  600°C.  A  small  number  of  sample  FETs  were  tested  for  DC  and  RF  characteristics. 
Power  characteristics  were  obtained  at  5  GHz  with  manual  tuning. 

The  FETs  were  processed  with  the  standard  GE  Ipm  power  MMIC  process.  The  doping  profile 
consists  of  a0.2pm,  highly  doped  cap  layer  and  a  0.5pm  active  layer  with  1  x  lO'Icm--^  silicon  doping. 
Ohmic  contacts  are  made  to  the  n+  cap  layer  using  Ni/AuGe/Ag/Au  metal  that  is  subsequently 
annealed.  The  1.2pm  gate  is  located  in  a  double  recess  structure.  The  First  etch  is  used  to  remove 
the  tap  layer  in  the  gate  area  and  to  ensure  that  the  proper  amount  of  doped  material  is  present  for 
subsequent  process  steps.  The  gate  recess  is  formed  using  the  same  resist  opening  as  for  the  gate 
itself.  A  conventional  lift-off  resist  profile  is  used,  resulting  in  a  trapezoidal  gate  and  in  a  recess 
significantly  wider  than  the  gate  itself 

DC  characteristicsof  conventional  and  LT-buffered devices,  shown  in  Figure  6,  are  quite  similar. 
Differences  between  peak  currents,  transconductances,  and  pinch-off  voltages  are  all  less  than  the 
differences  that  are  normally  encountereddue  to  process  variations.  Backgating  characteristics  were 
superior  for  the  LT-buffered  devices,  though  this  is  not  a  strong  consideration  for  MMICs  since  the 
devices  are  widely  separated  and  the  isolation  provided  by  normal  buffers  is  adequate. 

A  power  saturation  curve  of  the  LT-buffered  FET  is  shown  in  Figure  7.  At  similar  drain  bias 
points,  the  LT-buffered  FET  produces0,4 1  W/mm  and  6.7  dB  gain  while  the  FET  with  a  conventional 
buffer  produces  approximately  0.49  W/mm  with  7.4  dB  gain.  Power-added-efficiencies  are 
essentially  the  same  for  the  two  devices.  While  the  FET  with  a  normal  buffer  shows  significantly 
greater  small  signal  gain.ourexperience  shows  that  process  variations  are  more  likely  to  be  the  cause 
of  the  difference  than  material  variations.  The  similarities  in  the  saturation  characteristics  and  in  the 
drain  current  as  a  function  of  RF  power  (not  shown)  indicate  that  there  are  no  significant  differences 
in  trapping  or  confinement  mechanisms  between  the  two  buffers. 
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Figure  6.  1-V  characteristics  for  1  x428  micrometer  FET s  (a)  low  temperature  buffer, 
(b)  conventional  buffer.  The  gates  are  biased  at  0.5  volts  for  the  top  curves  with  1  volt 
steps  between  curves. 


Figure  7.  5  GHz  power  saturation  characteristics  for  the  1x428  micrometer  FETs. 
Solid  lines:  FET  with  a  low  temperature  buffer;  dashed  lines:  FF,T  with  a 
conventional  buffer.  Drain  bia.ses  were  approximately  9.7  volts,  and  gas  biases  were 
optimized  for  high  efficiency  operation. 
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SUMMARY 

Hall  effect  and  C-V  results  on  FET  active  layers  show  that  LT  buffer  layers  may  have  strong 
deleterious  effects  on  the  electronic  quality  of  FET  active  layers  unless  the  LT  buffers  are  heat  treated 
in-situ  at  600°C  and  topped  with  a  thin  (0. 1pm)  bOO^C  GaAs  buffer  prior  to  growth  of  the  Ft  f  active 
layer.  Dislocations  and  arsenic  precipitates  are  observed  to  extena  into  the  FET  active  layer  in 
instances  where  the  FET  active  layer  is  grown  directly  on  an  LT  buffer  which  is  not  heat-treated, 
correlating  with  the  degradation  in  electronic  properties.  DC  and  RF  device  measunements  for 
microwave  power  FETs  show  comparable  results  for  devices  with  conventional  and  LT  buffers,  and 
indicate  no  significant  differences  in  trapping  or  confinement  mechanisms  between  the  two  buffers. 
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ABSTRACT 


DC  characteristics  of  a  GaAs  MISFET  structure  using  low-temperature  GaAs  (LT- 
GaAs)  as  the  gate  insulator  were  investigated.  MISFETs  with  different  gate  to  channel 
separation  (d)  were  fabricated.  The  dependence  of  four  important  device  parameters  such 
as  gate-drain  breakdown  voltage  (Vbr),  channel  current  at  zero  gate  bias  (Idss). 
transconductance  (gm)-  and  gate-drain  tum-on  voltage  (Von)  on  the  gate  insulator  thickness 
were  analyzed.  It  was  observed  that  (a)  in  terms  of  Idss  and  gm.  the  LT-GaAs  gate 
insulator  behaves  like  an  undoped  regular  GaAs  layer  and  (b)  in  terms  of  V br  and  Von.  the 
LT-GaAs  gate  insulator  behaves  as  a  trap  dominat^  layer. 


INTRODUCTION 


Low  temperature  gallium  arsenide  (LT  GaAs).  grown  by  molecular  beam  epita.xy 
(MBE)  at  a  low  substrate  temperature  around  200°C  1 1 1.  has  recently  attracted  a  lot  of 
attention.  It  has  been  shown  by  many  groups  ( 1-4)  tliat  LT  GaAs  behaves  quite  differently 
depending  upon  growth  condition  (i.e  substrate  temperature.  V/lII  ratio,  post  growth 
anneal)  ranging  from  being  highly  resistive  (>10^  STcm)  to  being  conductive  (-1(1  Q-cm). 
In-situ  postgrowth  annealing  of  LT  GaAs,  grown  at  2()0f’C,  for  10  minutes  at  .SKOOC.  has 
been  shown  to  result  in  a  highly  resi.stive  and  optically  inactive  insulating  layers  possibly 
due  to  approximately  1-2  at.  %  excess  arsenic)  1)  and  a  large  amount  of  antisite  defects. 
When  it  is  used  as  a  buffer  layer  for  GaAs  metal-semiconductor  field  effect  transistors 
(MESFETs),  LT  GaAs  has  largely  eliminated  sidegating  (  or  backgating  )  effects  and 
substantially  reduced  the  output  conductance)  1 ).  When  it  is  used  as  a  gate  insulator  layer 
for  GaAs  metal-insulator-semiconductor  field  effect  ffansistors  (MISFETs),  LT  GaAs  has 
significantly  enhanced  the  breakdown  voltage  between  the  gate  and  the  drain  without 
.sacrificing  the  channel  current)2|  and  also  greatly  increased  the  output  power  densityl-I). 
However,  unannealed-LT  GaAs  has  been  shown  to  be  very  conductive  due  to  hopping 
mechanism)4|  through  a  deep  level  defect  band.  Obviously.  unannealed-L  T  GaAs  material 
will  not  be  suitable  as  a  buffer  layer  in  MESFETs  or  as  a  gate  insulator  layer  in  MISFETs. 

There  is  a  fundamental  difference  between  the  thickness  of  LT  GaAs  as  a  buffer 
layer  in  MESFETs  and  as  a  gate  insulator  layer  in  MISFETs.  While  the  former  is  typically 
up  to  2  pm  thick,  the  gate  insulator  layer  ne^s  to  be  as  thin  as  possible  ( .S(X)A~20()0A  )  to 
optimize  device  characteristics  such  as  transconduclance,  etc.  In  this  work  we  investigate 
the  dependence  of  four  important  MISFET  parameters  such  as  transconduclance  tgm). 
channel  current  at  zero  gate  bias  (Idss).  ‘he  gate-drain  breakdown  voltage  (V'br),  and  the 
gate-drain  tum-on  voltage  (Von)  on  thickness  of  LT-GaAs  gate  insulator. 
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FABRICATION  PROCESS 


The  device  structures  used  for  this  experiment  are  shown  in  Figure  1.  Four 
different  MISFETs  with  (I)  4000  A,  (2)  2800A.  (3)  1400A  of  LT-GaAs  gate  insulator,  and 
(4)  no  LT-GaAs  gate  insulator  were  fabricated.  The  separation  between  gate  and  drain  was 
typically  2nm.  Devices  with  gate  length  of  1.2  |jjn  and  gate  width  of  150  pm  were  tested. 


GATE 


i:iwk<n«l  GlA.  Um — SOlitL 


l'*.Ann*Ar,AAthMfTwU»tr - SfiSLi. 


Figure  1.  Device  structures  with  four  LT-GaAs  recess  depths 

(1)  No  LT-GaAs  recess;  LT-GaAs=4000 A  (2)  LT-GaAs  recess  to  2800A 

(3)  LT-GaAs  recess  to  I400A  (4)  Recess  to  channel;  LT-GaAs=0A 


The  sample  was  grown  in  a  Varian  Gen. II  MBE  system  at  a  substrate  temperature 
of  200°C  and  in-situ  post  annealed  at  600°C  for  10  minutes.  The  V/lII  equivalent  beam 
pressure  ratio  was  12.  The  sample  was  under  As  over-pressure  for  temperatures  above 
500OC.  During  the  temperature  ramp  up  and  down  between  200®C  and  500oC.  the  arsenic 
and  gallium  shutters  were  closed.  Both  the  arsenic  and  the  gallium  shutters  were  opened  at 
200°C,  and  as  soon  as  the  growth  of  LT-GaAs  layer  was  finished,  both  the  arsenic  and  the 
gallium  shutters  were  clos^  at  the  same  time.  The  epitaxial  structure  consisted  of  a  SOOOA 
undoped  GaAs  buffer  layer  followed  by  a  lOOOA  thick  n-channel,  both  were  first  grown  at 
600°C.  Then,  a  200A  AlAs  layer  and  a  4000A  thick  LT-GaAs  gate  insulator  were  grown 
on  the  n-channel  at  640<’C  and  20000  respectively.  The  sheet  charge  and  carrier  mobility, 
determined  by  Hall  effect  measurement,  was  5x10*2  cm'*  g^d  2500  cm^/V-sec. 

The  AlAs  layer  has  proved  (2,5)  to  be  crucial  in  preventing  undesired  compensation 
of  the  underlying  Si-doped  n-channel  as  a  result  of  the  diffusi  ,ii  f  excess  arsenic  from  the 
LT-GaAs  insulator.  The  AlAs  layer  also  served  as  an  etch  stop  for  the  LT  GaAs  etchant. 
Since  the  if-situ  annealed  LT-GaAs  material  is  highly  resistive,  a  low  resistance  ohmic 
contact  to  the  n-doped  channel  through  this  layer  is  difficult  to  achieve.  Therefore,  before 
the  AuGeNi-based  metal  evaporation,  the  LT-GaAs  insulator  must  be  selectively  etched.  It 
was  found  that  the  citric  acid  based  chemical  solution  has  highly  etching  selectivity  between 
LT-GaAs  and  AlAs. 

The  device  processing  started  with  isolation  formation  by  boron  implantation,  since 
a  mesa  structure  etched  by  conventional  wet  chemical  etching  would  result  in  the  reduction 
of  the  gate-drain  tum-on  voltage  (Von)  due  to  overlap  of  gate  to  n-channel  over  the  mesa 
edges.  Wet  chemical  etching  of  source  and  drain  windows  was  shown  to  be  not  suitable 
due  to  excessive  undercut  in  the  device  with  4000A  thick  of  LT-GaAs  gate  insulator. 
Therefore,  chlorine  based  reactive  ion  etching  was  used,  followed  by  selective  citric  acid 
based  wet  chemical  treatment.  Then,  the  AlAs  layer  was  removed  by  buffered  HF  before 
the  AuGeNi-based  metal  evaporated.  Finally,  the  LT-GaAs  gate  insulator  recess  was  also 
done  by  using  citric  acid  based  chemical  wet  etching. 


RESULTS  AND  DISCUSSION 


The  dependence  of  nansconduciance  (gm)  on  thickness  of  LT-GaAs  gate  insulator 
in  1.2x150  pm  MISFET  devices  was  shown  in  Figure  2.  The  linear  proportional  relation 
of  gm  on  LT-GaAs  gate  insulator  thickness  demonstrated  that  the  LT-GaAs  layer  behaved 
like  an  undoped  GaAs  layer,  due  to 


where  Cgs  is  the  capacitance  between  gate  and  source,  is  the  earners  saturation  velocity, 
and  La  is  the  gate  length.  As  the  LT-GaAs  gate  insulator  thickness  increases,  the  Cgs 


decreases,  and  so  does  the  gm- 


Figure  2.  Transconductance  vs  LT-GaAs  gate 
insulator  thickness  in  L2xl50pm  MISFET. 
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Figure  3.  VDP  measurements  of  channel 
depletion  vs  LT-GaAs  thicknesses. 

•  Dashed  line-calculated. 

•  White/black  dots-measured. 


In  terms  of  undoped  LT  GaAs  thickness  (d).  which  was  grown  on  the  top  of  n- 
GaAs  channel,  the  voltage  dropped  acro.ss  the  undoped  LT  GaAs  and  n-channel  can  be 


expressed  as; 

2c  €  (2) 

where  Xd  is  the  depletion  depth,  and  No  is  the 
doping  concentration  in  the  channel.  The 
calculated  sheet  charge  versus  und  'ped  GaAs 
thickness  was  shown  as  the  dashed  line  in 
Figure  3.  The  measured  sheet  charges,  using 
the  Van  Der  Pauw  technique.w  ith  dilferent  LT- 
GaAs  insulator  thicknesses  achieved  by  recess 
etching  is  also  shown  as  the  dots  in  Figure  3. 
Figure  4  shows  the  plot  of  Idss  of  ■f’o  I  2x150 
pm  MISFETs  versus  LT-GaAs  insulator 
thicknesses  indicating  similar  behavior  as 
described  by  the  above  relationship  providing 
further  evidence  that  the  LT-GaAs  layer 
behaved  as  an  undoped  GaAs  layer. 


rHtcKNKSs  or  ur 

Figure  4.  Ipss  vs  LT-GaAs  gate  insulator 
thickness  in  1.2x1 50pm  MISFET. 
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A  tum-on  voltages  as  high  as  16  V  was  achieved  for  a  MlSFETs  with  4000A  thick 
LT-GaAs  gate  insulator  as  shown  in  Figure  5.  It  exceeds  the  expected  tum-on  voltage  of  a 
Schottky  gate  on  n-GaAs  grown  at  normal  substrate  temperature  by  more  than  an  order  of 
magnitude.  These  high  tum-on  voltages,  also  observed  by  other  groups  [3],  indicates  that 
the  dominant  transport  mechanism  through  the  annealed  LT-GaAs  is  space-charge-limited 
current  (SCLI)(6).  The  tum-on  voltage  is  the  same  as  trap-filled-limited  voltage,  VjpL, 
defined  as  the  voltage  which  corresponds  to  a  sharp  rise  of  current  when  all  the  traps  were 
filled.  It  is  found  that  experimental  data  does  not  obey  the  simple  parabolic  dependence  of 
Vtfl  on  thickness  derived  from  single,  uniform  trap  theory  given  by  [7] 

„  ..qPcod- 
Vtfl-  „  „ — 

(3) 


where  Pi.o  is  the  concentration  of  traps  not  occupied  by  electrons,  d  is  the  thickness  of  LT- 
GaAs  insulator,  q  is  the  electronic  charge,  £s  is  the  dielectric  constant,  and  £o  is  the 
pemiitivity  of  free  space.  This  could  be  due  to  either  a  spatial  variation  in  the  trap  density 
from  a  peak  near  the  AlAs-LT  GaAs  interface  to  a  minimum  near  the  surface  or  due  to  the 
presence  of  several  different  trap  levels(8].  Therefore,  the  characteristics  of  tum-on  voltage 
(Von)  in  MlSFETs  indicated  that  the  LT-GaAs  layer  acted  as  a  trap  dominated  layer. 
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Figure  5.  Tum-on  voltage  vs  LT-GaAs  gate 
insulator  thickness  in  1.2xl50nm 
MISFET. 

The  linearly  dependence  of  the  gate- 
drain  breakdown  voltages  on  the  recessed  LT- 
GaAs  gate  insulator  thicknesses,  as  shown  in 
Figure  6.  also  indicates  that  the  LT-GaAs  layer 
acted  like  a  trap  dominated  layer  in  terms  of 
gate-drain  breakdown  voltage  (Ybr).  We 
obtained  the  highest  reported  gate-drain 
breakdown  voltage  of  56  V  with  Ijss  of 
450mA/mm  for  a  1.2  x  ISOpm  MISFET.  as 
shown  in  Figure  7.  The  current-voltage 
characteristics  of  MlSFETs  as  shown  in  Figure 
8  demonstrated  that  the  MlSFETs  behaved  well 
even  with  4000A  thick  of  LT-GaAs  gate 
insulator.  The  high  knee  voltages  of  current- 
voltage  characteristics  was  due  to 


Figure  6.  Gate-drain  breakdown  voltage  vs 
LT-GaAs  gate  insulator  thickness  in 
1.2x1 50pm  MISFET. 
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Figure  7.  Gate-drain  breakdown 
voltage  with  4000A  thick  LT-GaAs  gate 
insulator  in  1.2x150  pm  MISFET. 


GaA 


186 


higher  ohmic  contact  resistance  (~  0.4-0.6  £i-mm).  since  the  souce-drain  area  ( i.e.  same  as 
n-channel)  was  only  doped  at  ns  s  5xl0'‘cm  ’. 

CONCLUSION 


It  is  concluded  that  the  characteristics  of  transconductance  (gm)  and  channel  current 
at  zero  gate  bias  (Idss)  indicates  that  the  LT-GaAs  insulator  in  a  MISFET  behaves  like  an 
undoped  GaAs  layer  (  grown  at  high  substrate  temperature  ),  But,  in  terms  of  forward 
tum-on  voltage  and  the  gate-drain  breakdown  voltage,  the  LT-GaAs  gate  insulator  acted 's 
a  trap  dominated  layer  in  a  MISFET.  It  is,  therefore,  obvious  that  the  optimization  of  L  f- 
GaAs  gate  insulator  thickness  in  a  MISFET  involves  trade-off  between  different  device 
parameters  such  as  transconductance,  gate-drain  breakdown  voltage  and  other  parameters. 
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STUDY  OF  TRANSPORT  THROUGH  LOW-TEMPERATURE  GaAs 
SURFACE  INSULATOR  LAYERS 


J.P.  Ibbetson*,  L.-W.  Yin+,  M.  Hashemi+,  A.C.  Gossard^,  U.K.  Mishra+,  Materials 
Dept.*  and  Dept,  of  Electrical  and  Computer  Engineering*,  University  of 
California  at  Santa  Barbara,  Santa  Barbara,  CA  93106. 


INTRODUCTION 


Since  epilayers  of  GaAs  grown  at  low  substrate  temperature  (LTGaAs)  and 
annealed  at  600°C  were  first  demonstrated  to  be  an  effective  buffer  layer  for 
eliminating  backgating  effects,  the  material  properties  and  electronic 
characteristics  of  bulk  LTGaAs  have  been  actively  investigated'-*.  Less  attention 
has  been  paid  to  thin  layers  of  LTGaAs  (~2000A),  although  these  have  been 
shown  to  improve  gate-to-drain  breakdotvn  characteristics  when  incorpiorated  as 
the  surface  insulator  layer  in  GaAs  MISFET’s^.  In  bulk  LTGaAs  that  has  been 
annealed  for  10  minutes  at  600°C,  the  formation  of  arsenic  precipitates  with  a 
density  of  10'*  cm"*  has  been  observed.  These  are  considered  to  be  at  least 
partially  responsible  for  the  high  resistivity  of  LTGaAs*.  While  the  exact 
mechanism  of  precipitate  formation  is  currently  unknown,  it  would  seem 
reasonable  to  expect  the  availability  of  the  growth  surface  to  have  a  significant 
effect  on  any  defect  redistribution  during  the  anneal.  This  surface  effect  would 
become  increasingly  apparent  as  the  LTGaAs  layer  thickness  was  decreased.  It  is 
desirable  for  MISFET  applications  that  the  LTGaAs  gate  insulator  layer  be  as  thin 
as  possible,  whilst  maintaining  high  breakdown,  in  order  to  maximize  device 
transconductance*.  To  achieve  this,  it  is  important  to  understand  how  the 
observed  bulk  features  (such  as  ~60A  size  arsenic  precipitates)  are  affected  in  thin 
LTGaAs  layers. 

In  this  work,  we  report  on  the  investigation  of  current  transport  through 
lOOOA-SOOOA  thick  LTGaAs  surface  layers  on  an  n-type  GaAs  channel.  Room 
temperature  I-V  characteristics  of  schottky  diodes  incorporating  a  LTGaAs  surface 
layer  are  presented.  The  current  mechanism  through  the  LTGaAs  is  found  to  be 
space-charge  limited  due  to  the  high  density  of  deep  traps  present.  Comparison  of 
the  measured  trap-filled  limit  voltage  for  different  thicknesses  of  LTGaAs 
suggests  that  the  trap  spatial  distribution  is  non-uniform  with  respect  to  the 
growth  direction,  with  a  significant  reduction  in  the  trap  density  close  (<1500A) 
to  the  surface. 
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GROWTH  STRUCTURE 


The  sample  structure  basically  consists  of  a  schottky  diode,  as  shown  in  figure 
1.  The  sample  was  grown  by  conventional  MBE  in  a  Varian  Gen  n,  using  solid 
sourceeffusion  cells.  Important  details  of  the  growth  are  included  below.  The 
tetramer  As4  was  used  for  all  samples.  Prior  to  LTGaAs  deposition  the  substrate 
temperature  (Tjub)  was  lowered  from  600“C  to  500°C  in  an  As4  flux.  The  As  cell 
valve  was  then  closed  and  T^ub  lowered  to  the  desired  growth  temperature.  The 
temperature  was  measured  by  a  thermocouple.  For  Ic.v  temperature  growth,  the 
group  in  and  group  V  source  shutters  were  opened  and  closed  simultaneously. 
The  V:I1I  beam  equivalent  pressure  ratio  was  16:1  throughout  the  growth. 

Fig.  1:  MBE  growth  structure 
and  diode  processing  structure. 
LTGaAs  layer  is  grown  at  Tsub 
<  400°C  on  top  of  n-type 
channel  grown  at  600°C.  AlAs 
layer  grown  at  600°C  is 
included  to  prevent  back 
diffusion  of  defects  into  the 
channel.  Growth  is  interrupted 
during  temperature  ramp  down. 

After  completion  of  the  LTGaAs  layer,  the  substrate  temperature  was  raised  to 
500°C  before  the  arsenic  cell  was  reopened.  The  samples  were  then  annealed  for 
10  minutes  at  600°C  in  an  arsenic  overpressure.  Unless  otherwise  noted,  the 
LTGaAs  was  grown  at  250°C.  A  200A  thick  AlAs  layer  grown  at  600°C  was  always 
included  between  the  n-type  highly  doped  (lxl0^®cm‘3)  GaAs  channel  and  the 
LTGaAs  surface  layer  to  prevent  excess  arsenic  incorporated  at  low  tempieratures 
from  backdiffusing  into  the  channel  during  the  anneaH.  Circular  geometry 
diodes  were  processed  on  the  samples,  in  which  ohmic  contacts  were  alloyed  to 
the  channel  directly  by  etching  through  the  LTGaAs.  A  Ti/Au  schottky  contact 
was  deposited  on  the  LTGaAs,  and  will  be  referred  to  below  as  the  "gate".  The 
gate-to-cathode  separation  is  5pm.  In  this  configuration,  current  flow  is  forced 
through  the  LTGaAs  layer. 


RESULTS  AND  DISCUSSION 


Measured  room  temperature  I-V  curves  for  two  samples  are  shown  in  figure 
2.  The  LTGaAs  surface  layer  was  2500A  thick  for  both,  but  the  LTGaAs  growth 
temperatures  were  250°C  and  400°C,  as  indicated  on  the  graph.  The  400°C  sample 
exhibits  "normal"  schottky  diode  I-V  characteristics,  with  a  turn-on  voltage  of 
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Fig.  2: 1-V  data  for  two  diodes  with 
25(X)A  thick  LTGaAs  surface  layer 
grown  at  250®C  (solid)  and  400°C 
(dashed).  Semi-log  scale  is  used  to 
show  more  detail.  Note  the 
similarity  between  forward  and 
reverse  bias  for  the  250®C  sample. 
This  is  due  to  space-charge-limited 
current  flow  through  the  LTGaAs 
layer  in  the  presence  of  traps. 


Bias  (V) 

around  0.8  V,  and  a  reverse  breakdown  of  around  10  V.  The  latter  is  high 
primarily  because  of  the  2500A  of  material  between  the  gate  and  the  channel. 
Indeed^  there  is  essentially  no  difference  between  this  sample  and  a  control  (not 
shown)  in  which  2500A  of  intrinsic  GaAs  grown  at  600°C  replaces  the  LTGaAs 
surface  layer.  However,  for  the  sample  with  LTGaAs  grown  at  250°C,  the  I-V 
characteristics  of  the  diode  have  changed  significantly.  Most  striking,  is  the 
similarity  of  forward  and  reverse  bias  current.  Under  forward  bias,  we  observe  an 
initial  steep  rise  in  the  current  with  applied  bias  (0-0.2  V)  followed  by  a  shallow 
rise  (1-10  V).  Considering  that  the  size  of  the  diodes  is  50pm  in  diameter,  a 
current  density  of  only  1  mA/mm^  is  observed  under  a  forward  bias  of  5  V. 

This  result  is  easily  understood  if  we  consider  the  zero  bias  band  diagram  for 
our  structure,  which  more  closely  resembles  that  of  an  M-I-5  structure,  rather 
than  a  schottky  diode  (figure  3).  This  is  one  reason  why  LTGaAs  is  often  referred 
to  as  an  insulator  despite  the  fact  that  it  is  not  a  wide  band  gap  material.  This 
band  diagram  is  inferred  from  the  observed  depletion  of  the  underlying  channel 
in  Hall  effect  measurements  by  Van  der  Pauw  technique^.  The  current 
mechanism  for  such  a  structure  containing  an  insulator  layer  is  typically  space 


Fig.  3:  Approximate  Conduction 
band  diagrams  for  normal 
schottky  diode  (a)  and  diode 
incorporating  LTGaAs  layer  (b) 
under  zero  bias  and  forward 
applied  bias  conditions.  Note 
the  barrier  to  electron  flow 
exists  for  the  LTGaAs  case  even 
under  iarge  applied  bias  due  to 
the  piesence  of  traps  in  the 
L'^aAs  layer. 


(a) 


(b) 
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charge  limited  current  (SCLCF.  This  simply  implies  that  an  applied  forward  bias, 
V,  does  not  directly  correspond  to  raising  the  fermi-level  eV  towards  the 
conduction  band  edge  in  the  LTGaAs,  as  would  be  the  case  for  a  schottky  diode 
with  an  intrinsic  surface  cap  grown  at  600°C.  Neither  does  the  surface  layer  act 
like  a  true  dielectric.  Instead,  some  or  most  of  the  applied  bias  is  accommodated 
by  space  charge  (band-bending)  in  the  LTGaAs  (see  figure  3).  Indeed,  we  observe 
such  behaviour  in  our  diodes,  as  shown  in  the  I-V  data  by  the  low  current  levels 
under  large  forward  bias. 

The  total  space  charge  in  the  LTGaAs  has  contributions  from  the  injected  free 
carriers  and  the  occupied  traps.  If  the  traps  and  free  carriers  are  in  local  quasi- 
thermal  equilibrium  then  the  current,  is  limited  by  the  traps  since  the  quasi- 
fermi  level  in  the  LTGaAs  cannot  be  raised  by  much  more  than  kT  above  the 
trap  energy  level  unless  the  traps  are  correspondingly  filled  (for  a  more  detailed 
discussion  the  reader  is  referred  to  references  6  and  7). 

A  useful  quantity  in  such  a  system  is  the  so-called  trap-filled  limit  voltage, 
Vtfi,  which  is  defined  as  the  voltage  at  which  there  is  an  abrupt,  large  change  in 
the  slope  observed  on  a  log-log  plot  of  the  I-V  data.  Physically,  this  roughly 
corresponds  to  the  voltage  required  to  fill  all  the  traps  in  the  insulator.  For  a 
single  trap  with  a  specific  energy  level  and  uniformly  distributed,  the 
temperature  dependence  of  Vtfi  yields  the  trap  density  and  energy  leveF.  Even  in 
this  case  where  there  are  known  to  exist  several  trap  levels  with  a  non-uniform 
spatial  distribution  the  easily  measured  quantity  Vtfi  remains  a  qualitative 
indication  of  the  average  trap  density  in  the  insulator. 

Since  we  were  concerned  with  the  effects  on  the  excess  arsenic  related  defects 
near  the  surface  during  the  post-growth  anneal,  Vtfi  were  compared  for  two  sets 
of  diodes.  In  one  series,  diodes  were  processed  on  a  sample  grown  with  a  SOOOA 
LTGaAs  surface  layer.  After  the  anneal,  the  LTGaAs  layer  was  etched  back  by 
different  amounts  prior  to  deposition  of  the  gate  metal.  In  the  other  series, 
samples  with  different  thicknesses  of  LTGaAs  were  grown.  Results  for  diodes 
with  the  same  net  insulator  thickness  were  then  compared.  This  is  shown 
schematically  in  figure  4.  The  pertinent  difference  for  the  two  cases  is  the  relative 
accessability  of  the  growth  surface  to  the  trapped  excess  arsenic  in  the  net  LTGaAs 
layer,  during  the  anneal. 

fig-  4:  Schcmaric  showing  diodes 
used  to  compare  effects  of  the 
growth  surface  on  the  trap 
distribution  during  the  p>ostgrowth 
anneal.  In  one  case  SOOOA  of 
LTGaAs  was  grown  prior  to  the 
anneal  and  then  etched  back  to  the 
desired  thickness.  In  the  other  case, 
the  anneal  took  place  following 
growth  of  a  thinner  layer. 
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As  can  be  seen  in  figure  5  the  Vtfi  is  considerably  smaller  in  as-grown  samples 
(open  circles)  when  compared  to  etched-back  samples  of  comparable  thickness 
(solid  circles).  This  suggests  significant  outdiffusion  of  excess  arsenic  during  the 
anneal.  From  (1)  we  see  that  there  is  roughly  a  50%  reduction  in  the  average  trap 
density  for  a  lOOOA  thick  insulator  layer  when  only  lOOOA  of  material  is  grown 
prior  to  the  anneal.  The  flattening  of  the  Vifi  vs  thickness  curve  for  the  etched 
back  sample  for  thickness  >  3500A  also  suggests  that  the  defect  diffusion  length 
during  the  anneal  is  on  the  order  of  1500A. 


Fig.  S:  Vtn  data  showing  effect  of  the 
accessibility  of  the  growth  surface  during 
the  anneal  on  the  average  trap  density  in  a 
LTGaAs  suface  layer.  Etched  back  samples 
(solid  circles)  displayed  a  larger  V|n,  and 
therefore  a  higher  average  trap  density, 
than  the  as-grown  samples  (open  circles). 
The  flattening  of  the  etched  sample  curve 
at  -35(X)A  suggests  the  defect  diffusion 
length  is  on  the  order  of  15(X)A 


LT  thickness  (A) 

The  presence  of  traps  is  assumed  to  improve  gate-to-drain  breakdown  by 
preventing  surface  leakage  effects,  although  the  exact  mechanism  by  which  this 
occurs  is  unknown.  Nevertheless,  it  is  reasonable  to  assume  that  the  trap  density 
is  an  important  parameter  in  obtaining  high  breakdown.  While  our  results  do 
not  differentiate  between  the  structural  nature  of  the  traps,  they  do  suggest  that 
precipitate  formation  can  be  expiected  to  be  inhibited  in  layers  of  thickness  on  the 
order  of  the  observed  defect  diffusion  length  of  -ISOOA  when  compared  to 
precipitate  formation  in  bulk  LTGaAs.  Work  on  the  correlation  between 
precipitate  size  and  density  in  the  LTGaAs  surface  layer  and  MISFET  breakdown 
characteristics  is  currently  under  way. 

Finally,  it  is  interesting  to  note  the  effect  of  increasing  the  bias  across  the 
device.  Under  forward  bias,  all  the  applied  voltage  is  accomodated  across  the 
insulator.  Therefore  our  data  enable  us  to  place  a  lower  limit  on  the  breakdown 
field  in  LTGaAs  (lower  limit  since  the  field  actually  changes  sign  within  the 
insulator  due  to  the  band-bending,  as  shown  in  figure  3b).  Typically,  we  found 
the  devices  could  support  -lOV  across  2000A  of  LTGaAs  prior  to  destructive 
breakdow  n,  yielding  a  breakdown  field  under  forward  bias  of  >5x10^  V/cm, 
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CONCLUSIONS 


Current  flow  through  LTGaAs  surface  layers  lOOOA  to  SOOOA  thick  is  found  to 
be  space  charge  limited.  The  trap  distribution  is  significantly  affected  in  the 
vicinity  of  the  growth  surface  during  the  annealing  of  the  LTGaAs  layer,  with  a 
higher  trap-filled  limited  voltage  observed  in  samples  grown  SOOOA  thick  and 
etched  back  to  2500A,  say,  when  compared  to  an  as-grown  2500A  thick  sample. 
The  data  suggest  that  the  diffusion  length  during  the  600°C  anneal  for  excess 
arsenic  related  defects  is  -ISOOA.  Breakdown  fields  >5x10^  V/cm  were  observed 
in  LTGaAs  layers  grown  at  250°C. 
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ABSTRACT 

A  model  for  gate  breakdown  in  MESFETs  and  HEMTs  is  proposed. 
The  model  is  based  upon  a  combination  of  thermally  assisted 
tunneling  and  avalanche  breakdown.  When  thermal  effects  are 
considered  it  is  demonstrated  that  the  model  predicts  increasing 
drain-source  breakdown  as  the  gate  electrode  is  biased  towards 
pinch-off,  in  agreement  with  experimental  data.  The  model  also 
predicts,  for  the  first  time,  the  gate  current  versus  bias  behavior 
observed  in  experimental  data.  The  model  is  consistent  with  the 
various  reports  of  breakdown  and  light  emission  phenomena 
reported  in  the  literature. 


I.  INTRODUCTION 

Gate  breakdown  is  important  in  determining  the  onset  of 
saturation  and  the  output  power  capability  of  microwave  field-effect 
transistors  [1-3].  Avalanche  breakdown  should  yield  a  BVds  locus 
that  decreases  as  the  gate  is  biased  towards  pinch-off.  This  is,  in  fact, 
the  breakdown  behavior  demonstrated  by  JFETs.  The  experimental 
data  for  MESFETs  and  HEMTs,  however,  generally  indicate  the 
opposite  behavior  [2, 3, 5, 6)  (i.e.,  BVds  increases  as  Vgs  is  increased 
towards  pinch-off).  A  model  that  adequately  and  accurately  explains 
the  measured  breakdown  performance  has  not  been  reported. 

The  avalanche  argument  leads  to  inconsistent  predictions  in 
comparison  with  experimental  data.  For  example,  an  avalanche 
mechanism  is  consistent  with  observation  of  light  emission  under 
breakdown  conditions  (2,3,5,6,7|.  However,  the  avalanche  model  does 
not  adequately  explain  the  detailed  behavior  of  the  light  emission 
with  bias  [3].  The  avalanche  breakdown  model  also  predicts  an 
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increase  in  breakdown  voltage  with  temperature,  in  contrast  to  the 
decrease  often  observed  in  experimental  data.  The  avalanche  model 
does  not  predict  the  observed  gate  current  versus  bias  voltage 
behavior  under  breakdown  conditions.  The  experimental  data 
indicates  increasing  Ig  for  increasing  Vgs  at  low  drain  bias,  but 
decreasing  Ig  for  increasing  Vgs  at  high  drain  bias,  resulting  in  a 
'twist'  in  the  Ig  versus  Vds  characteristic  when  plotted  for  varying 
Vgs. 

In  this  report  a  new  thermal/tunnel/avalanche  explanation  of 
gate  breakdown  is  presented  and  it  is  demonstrated  that  the  new 
model  adequately  explains  measured  data.  The  new  model  allows  for 
both  tunneling  and  avalanche  breakdown  of  the  gate  electrode. 
Which  mechanism  dominates  is  determined  by  device  structure,  bias, 
channel  temperature,  and  operating  conditions.  The  model  also 
provides  an  explanation  for  the  success  of  thin  surface  insulators 
formed  by  low  temperature  MBE  growth  in  producing  significantly 
increased  gate  breakdown  voltages  (8-10]. 

//.  THERMALLY  ASSISTED  TUNNEL  LEAKAGE 

Under  normal  operating  conditions  breakdown  occurs  at  the 
drain-side  edge  of  the  gate  electrode.  At  this  location  the  electric 
field  is  two  dimensional  with  a  large  horizontal  component.  Under 
large  drain  voltage,  but  low  gate  bias  (i.e.,  near  Idss),  the  surface 
electric  field  can  become  sufficiently  large  that  electrons  tunnel  from 
the  gate  metal  onto  the  surface  of  the  semiconductor  in  the  gate- 
drain  region.  The  tunneling  mechanism  is  enhanced  by  elevated 
channel  temperature  at  the  gate  electrode  due  to  large  dc  power 
dissipation  at  this  bias  condition.  An  excess  density  of  electrons  can 
accumulate  on  the  surface  of  the  semiconductor  at  the  gate  edge  and 
are  free  to  flow  to  the  drain  contact,  thereby  providing  a  leakage 
current  and  initiating  breakdown.  The  surface  resistance  is 
determined  by  the  specific  surface  conduction  mechanism. 

As  gate  bias  is  increased  towards  pinch-off  the  channel  current  is 
reduced,  resulting  in  a  reduced  channel  temperature  due  to  less 
power  dissipation.  The  reduced  temperature  at  the  gate  electrode 
produces  an  increased  threshold  voltage  for  the  tunnel  leakage  and 
the  surface  current  is  reduced.  The  reduced  gate  leakage  allows  an 
increased  drain  bias  to  be  applied  to  obtain  a  constant  gate  current 
(e.g.,  1  mA/mm),  thereby  providing  an  increased  drain-source 
breakdown  voltage  as  gate  bias  is  increased  towards  pinch-off.  As 
the  gate  bias  nears  pinch-off  the  electric  field  under  the  gate 
electrode  becomes  more  vertically  oriented.  The  electric  field  can 
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become  sufficient  for  avalanche  breakdown  to  occur.  At  this  point, 
the  breakdown  can  consist  of  a  combination  of  tunneling  and 
avalanche  and  although  the  breakdown  voltage  generally  decreases 
with  temperature,  increases  have  also  been  observed  in 
experimental  data. 

I  [I.  BREAKDOWN  MODEL 

A  model  for  gate  breakdown  based  upon  the  above  explanation 
has  been  formulated.  The  breakdown  mechanism  under  typical 
operating  conditions  is  dominated  by  the  tunnel  leakage  of  the  gate 
electrode  and  this  mechanism  occurs  before  avalanche  breakdown. 
The  gate  leakage  model  for  operation  near  Idss  is  based  upon  the 
Padovani  and  Stratton  model  (11),  modified  to  include  effective  mass 
and  temperature  variations.  The  leakage  current  is  expressed  in  the 


form 

Jg  =  Js  exp  (qV'/E') 

(1) 

where  V 

=  the  voltage  across  the  tunnel  barrier  at 

the  gate  edge 

£'  =  EoolEooIkT  ■  tank  (EoolkT)J  ' 

(2) 

with 

Eoo  =  2qa(Ndl2£)"^ 

(3) 

and 

a  =  4it(2m*')"^l  h 

(4) 

where 

m*'  is  the  adjusted  effective  mass. 

The  temperature  at  the  gate  electrode  is  calculated  from  the  power 
dissipated  in  the  channel  under  the  gate  and  the  thermal  resistance 
of  the  device.  The  leakage  current  flows  primarily  along  the  surface 
of  the  region  between  the  gate  and  drain  electrodes.  In  the  model  the 
effective  mass  can  be  adjusted  to  give  agreement  with  experimental 
data. 

The  gate  leakage  current  versus  drain-source  voltage 
characteristic  calculated  by  the  model  is  shown  in  Fig.  1.  The  model 
predicts,  for  the  first  time,  the  'twist'  in  the  gate  current  as  a  function 
of  gate  voltage,  in  agreement  with  experimental  data  [2,3|. 


/V.  SURFACE  STATE  EFFECTS 

It  is  known  that  negatively  charged  surface  states  affect  the 
electric  field  at  the  gate  edge  by  providing  additional  negative  charge 
for  termination  of  the  electric  field  lines  emanating  from  the  positive 
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donor  ions  in  the  conducting  channel  depletion  region  112).  Less 
crowding  of  the  electric  field  lines  occurs  at  the  gate  edge  and  this,  in 
turn,  affects  the  bias  voltages  required  to  achieve  breakdown 
conditions.  Increased  surface  electron  density  produces  increased 
breakdown  voltage.  A  similar  phenomenon  occurs  due  to  traps 
located  at  the  conducting  channel/substrate  or  buffer  layer  interface. 

The  actual  slope  of  the  drain-source  breakdown  locus  with  gate 
bias  is  significantly  affected  by  the  surface  treatment  of  the  device. 
For  example,  if  the  surface  treatment  results  in  many  negatively 
charged  states  the  threshold  for  breakdown  will  be  increased.  The 
drain-source  breakdown  voltage  BVds  can  be  essentially  constant 
with  Vgs.  A  reduced  density  of  surface  electron  traps  will  result  in  a 
reduced  breakdown  voltage,  especially  for  gate  bias  voltages  near 
Idss.  At  this  bias  a  reduction  by  a  factor  of  two  in  the  breakdown 
voltage  over  that  near  pinch-off  is  often  observed  in  typical  GaAs 
MESFETs. 

An  ideal  surface  passivation  for  power  MESFETs  and  HEMTs  would 
provide  a  high  density  of  traps  near  the  gale  electrode  to 
accommodate  injected  electrons  from  the  gate  and  thereby  reduce 
the  electric  field  at  the  gate  edge.  The  gate  electric  field  relief  occurs 
at  the  dc  bias  point  and  the  traps  do  not  have  to  respond  to  the  RF 
signal  to  achieve  this  benefit.  If  the  traps  did  respond  to  the  RF  field 
additional  benefit  would  be  derived.  This  passivation  layer  should 
also  have  a  low  effective  electron  mobility  to  reduce  the  leakage 
current  carried  by  drifting  electrons.  The  high  trap  density  should 
accommodate  a  large  trap  filled  limit  voltage  which  will  increase  the 
onset  of  this  leakage  current  and  hence  delay  breakdown.  Lastly,  the 
bulk  breakdown  voltage  T  this  surface  layer  should  be  high  to 
prevent  premature  surface  breakdown.  Suitable  passivation  can  be 
provided  by  thin  surface  layers  grown  by  low  temperature  MBE  |8- 
101. 

V.  Conclusions 

A  new  model  for  gate  breakdown  in  MESFETs  and  HEMTs  has  been 
proposed.  The  model  consists  of  a  combination  of  tunnel  leakage  and 
avalanche  breakdown  of  the  gale  electrode.  When  the  device  is 
biased  near  Idss  the  tunnel  leakage  mechanism  dominates.  When  the 
device  is  biased  near  pinch-off  avalanche  breakdown  can  occur.  The 
thermal/tunnel  model  predicts  an  increasing  drain-source 
breakdown  voltage  as  gate  bias  is  increased  towards  pinch-off,  in 
agreement  with  experimental  data.  The  model  also  predicts,  for  the 
first  time,  the  experimentally  observed  gate  current  dependence 
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upon  bias  voltage.  Finally,  the  surface  leakage  model  explains  the 
success  of  thin  surface  layers  of  insulting  GaAs  grown  by  low 
temperature  MBE  in  producing  significantly  improved  gate 
breakdown  voltages. 
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Fig.  1  Gate  Current  versus  Drain-Source  Voltage  as  a  Function  of 
Gate  Bias  Under  Breakdown  Conditions  for  a  GaAs  Power 
MESFET  (Lg  =  0.5  pm,  W  =  I  mm,  0  =  40  oC/W) 
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ABSTRACT 

We  present  here  the  results  of  a  study  on  the  effect  of 
substrate  temperature,  Tg,  on  the  electrical  and  physical 
characteristics  of  low  temperature  (LT)  molecular  beam  epitaxy 
GaAs  layers.  Hall  measurements  have  been  performed  on  the  as- 
grown  samples  and  on  samples  annealed  at  610  °C  and  850  °C.  Si 
impianlalion  into  these  layers  has  also  been  investigated. 


INTRODUCTION 

It  has  been  shown  that  GaAs  buffers  grown  at  low  substrate 
temperatures,  commonly  known  as  low  temperature  (LT)  buffers, 
can  be  used  to  eliminate  the  backgating  problem  in  metal- 
semiconductor  field-effect  transistors  [1].  LT  buffers  are  of 
interest  because  of  their  electrical,  optical,  and  compositional 
characteristics  [1-4].  In  this  paper,  we  present  the  results  of  a 
study  on  the  effect  of  the  growth  temperature  (substrate 
temperature,  Tg)  on  the  electrical  and  physical  characteristics  of 
LT  GaAs  layers. 


EXPERIMENT 

GaAs  epilayers  were  grown  on  semi-insulating  (100)  GaAs 
substrates  at  a  rate  of  one  micron  per  hour,  in  a  VG  V80H 
molecular  beam  epitaxy  (MBE)  system.  The  substrates  were 
prepared  for  growth  by  a  standard  procedure  of  degreasing  and 
etching  in  7  H2SO4  :  1  H2O  :  1  H2O2  The  As  (AS4)  to  Ga  beam 
equivalent  pressure  ratio  was  18.  After  the  oxide  was  desorbed 
from  the  substrate  surface  at  a  temperature  of  580  °C,  Tg  was 
adjusted  to  the  growth  temperature,  the  sample  was  stablized 
under  an  As  overpressure,  and  the  growth  of  the  GaAs  buffer  was 
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Started.  No  post-growth  annealing  was  performed  in  the  MBE 
chamber. 

Sixteen  samples  were  grown  at  different  substrate 
temperatures  (between  100  and  600  °C).  Before  growing  samples 
1  (Tg  =  600  °C)  and  2  (Tg  =  500  °C)  the  thermocouple  used  to 
monitor  Tg  was  calibrated  against  the  congruent  sublimation 
temperature  of  GaAs.  This  assures  that  the  quoted  Tg  values  for 
samples  1  and  2  are  quite  accurate.  However,  with  decreasing  Tg, 
this  calibration  becomes  increasingly  inaccurate.  Similarly, 
pyrometric  measurements  are  inherently  inaccurate  for  low 
temperatures.  Therefore,  for  samples  3-16,  which  were  grown  in 
a  temperature  range  where  no  direct  calibration  is  available  for 
the  thermocouple,  the  accuracy  of  Tg  is  unknown.  However,  as 
described  on  the  next  page,  the  relative  values  of  Tg  can  be 

compared  using  the  X-ray  calibrations. 

Double-crystal  X-ray  diffraction  was  performed  on  all 
samples.  For  samples  1-4  (Tg  >  460  “C)  and  samples  12-16  (Tg  < 
250  °C),  only  one  peak  was  observed  in  the  rocking  curves.  For 
samples  5-11  (260  ^  Tg  <  450  °C),  two  peaks  were  observed.  On 
this  basis,  three  temperature  ranges  are  defined  for  Tg:  1)  high 
range,  Tg  >  460  °C,  2)  intermediate  range,  260  ^  Tg  <  450  °C,  and 
3)  low  range,  Tg  <  250  °C.  Note  that  the  LT  buffers  in  the 
literature  are  grown  at  a  Tg  in  the  intermediate  temperature 
range. 

In  the  high  temperature  range,  the  lattice  parameter  of  the 
epilayer  is  the  same  as  that  of  GaAs,  therefore  the  X-ray  signals 
from  the  GaAs  substrate  and  the  epilayer  coincide  and  only  one 
peak  is  observed.  The  material  grown  in  the  intermediate 
temperature  range  was  shown  to  be  strongly  As-rich,  with  as 
much  as  2.5  atomic  percent  excess  As  in  the  lattice  [1-4).  The 
extra  As  incorporated  in  the  lattice  results  in  a  perpendicular 
expansion  of  the  lattice.  A  typical  perpendicular  lattice 
parameter  for  the  epilayer  is  5.6595  A  (larger  than  that  of  bulk 
GaAs.  5.6535  A).  Therefore,  two  rocking  curve  peaks  are  observed 
(one  due  to  the  substrate,  and  one  due  to  the  epilayer). 

Previously,  it  was  reported  that  for  the  intermediate  range  the 
in-plane  lattice  parameter  is  different  from  that  of  GaAs  [2].  But 
in  this  study,  the  in-plane  lattice  parameter  is  equal  to  that  of 
GaAs.  The  details  of  this  study  will  be  published  elsewhere  [5]. 

In  the  low  range,  the  epilayer  (0.5  micron  thick)  is 
amorphous  [3]  hence  the  dominant  X-ray  signal  comes  from  the 
GaAs  substrate  and  only  one  peak  is  seen.  For  samples  12-16  (the 


low  range),  the  epilayers  had  a  gold  tint  (probably  due  to  the  fact 
that  material  is  amorphous),  making  them  easily  distinguishable 
from  the  epilayers  of  the  high  and  intermediate  ranges.  These 
showed  a  color  similar  to  ordinary  GaAs.  Note  that  Tg  measured 
in  our  VG  MBE  system  might  be  different  from  others,  as 
explained  in  the  next  paragraph. 

The  transition  between  the  low  range  and  the  intermediate 
range  was  previously  reported  as  210  ±  25  “C.  This  value  was 
based  on  the  growth-dependent  critical  thickness  argument  [3]. 
The  difference  between  this  transition  temperature  and  the  one 
reported  here  (between  250  to  260  °C)  is  believed  to  be  due  to  a 
systematic  error  in  the  thermocouple  readings  for  the  two  MBE 
machines.  In  most  MBE  machines  Tg  is  inferred  from  a 
thermocouple  reading  the  temperature  of  the  sample  holder. 

Hence  each  machine  has  a  different  relationship  between  Tg  and 

the  reading  taken  from  the  thermocouple.  This  means  that  for  any 
MBE  system.  X-ray  measurements  must  be  done  on  the  MBE 
material  in  order  to  define  the  three  ranges  of  Tg.  These 
measurements  can  also  be  used  to  establish  reference  points  for 
the  thermocouples  of  different  MBE  systems. 

Due  to  the  high  resistivity  of  the  epilayers.  Van  der  Pauw 
Hall  measurements  could  not  be  done  on  any  of  the  16  as-grown 
samples.  All  the  samples  were  annealed  at  610  °C  for  10  minutes 
with  a  GaAs  proximity  cap.  The  resistivity  of  the  samples  was 
still  too  high  to  permit  Hall  measurements.  The  16  (as-grown) 
samples  were  subsequently  annealed  at  850  °C  for  20  minutes 
with  a  GaAs  proximity  cap.  For  the  samples  in  the  high  and 
intermediate  ranges.  Hall  measurements  were  still  not 
successful,  due  to  the  high  resistivity  of  the  annealed  samples. 

On  the  other  hand,  for  the  samples  in  the  low  range,  good  ohmic 
contact  could  be  made  to  the  samples.  The  resistances  between 
two  adjacent  contacts  on  Hall  samples  (about  0.5  cm  apart) 
varied  from  50  to  500  ohms  even  before  alloying  the  contacts  at 

430  °C.  Hall  mobilities  varied  from  490  to  920  cm^V^s'^  and 
net  electron  concentrations  from  8.8  X  10^^  to  1.5  X  10^®  cm'®. 
Since  the  as-grown  samples  were  not  doped,  these  high  carrier 
concentrations  can  only  be  due  to  an  intrinsic  property  of  the 
material  grown  in  the  low  temperature  range. 

Next,  as-grown  samples  1,  2.  3.  8,  and  14  (Tg  =  600,  500, 
480,  350,  and  200  °C,  respectively)  were  ion-implanted  with 
^^Si"*"  at  a  fluence  of  2  X  10^®  cm'^,  and  an  implant  energy  of 
100  keV.  Note  that  samples  1,  2,  and  3  are  in  the  high  range, 
sample  8  is  in  the  intermediate  range,  and  sample  14  is  in  the 
low  range.  The  implanted  samples  were  capped  with  silicon 
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FIG.  1.  Resistance  between  two  adjacent  indium  contacts  on 
Hall  sample  versus  growth  temperature,  for  the  samples 
implanted  with  29si+  at  a  fluence  of  2  X  lO'’^  cm‘^  and 
annealed  in  furnace  at  850  °C  for  20  minutes. 
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FIG.  2.  Hall  mobility  versus  growth  temperature,  for  samples  of 

figure  1. 
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FIG.  3.  Net  sheet  electron  density  versus  growth  temperature,  for 
the  samples  of  figure  1 . 
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nitride,  and  annealed  in  the  furnace  at  850  °C  for  20  minutes. 

After  removing  the  caps,  Hall  measurements  were  performed. 
Figures  1,  2,  and  3  show  resistance  between  two  adjacent  Hall 
contacts.  Hall  mobility,  and  net  sheet  electron  density, 
respectively.  Both  the  300K  and  77K  mobilities  monotonically 
increase  with  Tg.  This  may  seem  intuitive,  since  as  Tg  decreases 
material  quality  degrades  and  defect  density  increases,  hence 
mobility  decreases.  However,  figure  3  is  not  as  intuitive.  In 
figure  3,  the  sheet  carrier  density  for  the  low  range  sample 
(sample  14,  grown  at  200  “C)  is  surprisingly  large  (1.3  X  10^'^ 
cm'2).  This  is  larger  than  the  fluence  of  the  Si  implantation  (2  X 
10^3  cm‘2).  Again,  this  large  sheet  carrier  density  can  only  be 
due  to  an  intrinsic  property  of  this  material.  It  has  nothing  to  do 
with  the  activation  of  implanted  Si.  The  carriers  are  probably 
originated  from  some  defects  in  the  amorphous  GaAs,  activated 
by  the  high  temperature  annealing. 

Since  the  resistance  between  two  Hall  contacts  is  inversely 
proportional  to  the  product  of  sheet  carrier  density  and  mobility, 
figure  1  is  reflected  in  figures  3  and  2.  The  small  resistance 
between  two  contacts  for  the  sample  grown  at  a  Tg  of  200  °C  is 

due  to  the  large  sheet  carrier  density  in  this  film. 

From  an  electrical  stand  point,  the  most  striking  difference 
between  the  low  range  and  the  intermediate  range  is  the  fact  that 
after  annealing  at  850  °C  the  undoped  layers  grown  below  or  at 
250  °C  have  a  low  resistivity  (net  electron  concentrations  as  high 
as  1.5  X  10^®  cm'®  and  mobilities  as  high  as  920  cm^V'^s'^), 
while  after  anneal  the  undoped  layers  grown  in  the  intermediate 
range  have  extremely  high  resistivity  (about  8X10®  ohm.cm)  [1- 
4). 

We  would  like  to  thank  Mr.  Goldenberg  and  Mr.  Mittereder. 
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ABSTRACT 

The  ultrafast  carrier  dynamics  in  GaAs,  Ino.siAlo.agAs  on  InP,  and  Ino.53Gao.47As  on  InP, 
grown  by  molecular-beam-epitaxy  (MBE)  at  low  substrate  temperatures,  are  investigated.  A 
reduction  in  the  carrier  lifetime  is  observed  with  decreasing  growth  temperatures.  The  shortest 
carrier  lifetimes  of  typically  a  picosecond  (ps)  are  obtained  at  the  lowest  growth  temperature 
range  of  150  -  200  °C.  Femtosecond  optical  absorption  and  reflectance  measurements  have 
been  used  to  verify  the  sub-picosecond  carrier  lifetimes.  Photoconductive  switching 
measurements  on  these  materials,  measured  using  the  technique  of  electro-optic  sampling  have 
further  confirmed  the  sub-picosecond  carrier  lifetimes,  and  have  also  resulted  in  the  generation 
of  subpicosecond  electrical  signals.  These  short  electrical  pulses  have  been  used  for  a  variety  of 
ultrafast  optoelectronic  applications. 


LOW  TEMPERATURE  MBE  GROWTH  AND  MATERIAL  PROPERTIES  RELATING  TO 
CARRIER  DYNAMICS 


Introduction 

For  conventional,  high  optical  and  electrical  quality  epitaxial  growth  by  MBE,  the  substrate 
is  heated  to  -600°C  and  ~500'’C  for  GaAs  and  InP  substrates,  respectively.  The  substrate 
temperature  (Tj),  the  group  V/III  flux  ratio  and  the  growth  rate  are  important  parameters  in 
determining  the  growth  mechanism  and  the  quality  of  the  epitaxial  layers.  Smith  et  al.  1 1]  were 
the  first  to  demonstrate  the  interesting  properties  of  GaAs  grown  by  MBE  at  Ts  ~200°C  at  the 
usual  growth  rates  of  -1  pm/hr,  where  it  was  used  as  a  high  resistivity  buffer  layer,  completely 
eliminating  the  side-gating  and  back-gating  effeas  in  GaAs  MESFETs.  Since  then  a  number  of 
detailed  characterization  of  the  material  properties  of  the  low-temperature  (LT)  MBE  grown 
layers  has  been  undertaken  (2]-[6].  Some  of  these  are  summarized  below,  which  are  pertinent 
to  the  understanding  of  the  ultiWast  carrier  dynamics. 


Low-temperature  MBE  of  GaAs 

For  the  LT-MBE  grown  GaAs  layers,  Ga  and  AS4  beam  fluxes  were  used  at  a  V/lII  beam 
equivalent  pressure  ratio  of  10.  The  growth  rate  is  1.0  pm/hr  on  (OOl)-oriented  semi-insulating 
GaAs  substrates.  First  an  undoped  buffer  layer  of  GaAs  is  grown  at  a  temperature  of  600°C  to 
smoothen  the  growth  front.  Next  the  substrate  temperature  is  lowered  down  to  the  desired 
value,  and  typically  1-2  pm  thick  LT-GaAs  layer  is  grown.  A  range  of  growth  temperatures 
was  investigated :  400,  350, 300, 260,  200  and  190°C.  Some  of  the  layers  were  then  annealed 
inside  the  growth  chamber  under  the  As-overpressure  by  raising  the  substrate  tempeature  to 
about  600°C  for  a  period  of  3- 1 0  min.  All  the  layers  studied  here  ( I  -2  pm  thick)  were  of  high 


Mat.  Rat.  Soc.  Symp.  Proc.  Vot.  241.  « 1992  Materials  Research  Society 


206 


crystalline  quality,  as  also  verified  by  their  reflection-high-energy-electron-diffraction 
(RHEED)  pattern  during  growth. 

These  LT-GaAs  layers  are  grown  under  highly  As-rich  conditions.  Due  to  the  low  Tj,  the 
residence  time  of  As-adatoms  on  the  growing  surface  increases.  Hence  excess  As  in  the  form 
of  interstitials  (As)i,  antisite  defects  (Aslca.  As-micioclusters,  or  gallium  vacancies  (V)Ga  are 
expected  [2].  Auger  Electron  Spectroscopy  (AES)  has  shown  about  1%  excess  As  (ICP®  cm-^) 
in  the  200°C  as-grown  and  annealed  LT-GaAs  film  |31.  Electron  Paramagnetic  Resonance 
(EPR)  measurements  have  indicated  [4]  that  in  the  as-grown  material  about  5%  of  this  excess 
As  is  ionized,  whereas  in  the  anneal^  material  this  drops  down  below  the  detection  limit  of 
10'*  cm  *.  From  infrared  absorption  measurements  this  value  is  estimated  to  be  in  the  range  of 
lO’^-lO**  cm  *  for  the  anneal^  200°C  LT-GaAs  material  [2].  These  observations  lead  to  a 
defect-band-model  of  the  2(X)°C  LT-MBE  grown  GaAs  for  the  as-grown  and  annealed  material. 
This  is  discussed  in  detail  in  reference  [2J.  Fig.l  gives  a  picture  of  the  density  of  states  and  the 
relevant  parameters  for  the  annealed  200°C  LT-Gsl^s  material. 

After  another  layer  is  grown  on  top  at  normal  temperatures  (600°C),  or  the  layer  is  annealed 
at  a  high  temperature  for  a  few  minutes,  As-piccipitates  have  been  observed  by  TEM  [5].  The 
average  diameter  of  the  precipitates  is  60  A,  and  their  density  is  of  the  order  of  10'''  to  10'* 
cm'*.  An  important  conclusion  can  be  drawn  regarding  the  carrier  (electron  and  hole)  dynamics 
in  this  material  from  this  As-ptecipitate  model  as  shown  in  Fig.  1 .  We  approximate  the  capture 
cross  section  of  the  carriers  by  the  projection  of  the  occupied  volume  of  the  As-piecipitate  on  a 
plane  perpendicular  to  the  velocity  of  an  incoming  carrier,  i.e. 

0  =  Jt(d*/4)  =  2.83x  10-'*cm2  ford  =  60A  (1) 

Next  we  consider  the  defect-band  model  for  the  carrier  recombination  mechanism  from 
the  extended  band  states  into  these  midgap  states,  namely  the  Shockley-Read-Hall  (SRH) 
recombination  statistics  (7).  The  minority  carrier  lifetime  in  this  model,  for  the  low  injection 
regime,  is  given  by  Eqn.(2). 


T,  =  1/N,av*  (2) 

where  tc  =  carrier  lifetime,  Ni  =  density  of  traps  =  5  x  10''  cm  *  (average  value  in  the  annealed 
200°C  LT-GaAs  material),  a  =  2.83  x  10  '*  cm'  from  Eqn.(l),  vui  =  thermal  velocity  =  2.5  x 
10'  cm/s  (at  room  temperature).  Substituting  one  finds  Xj.  <  1  ps.  Either  both  types  of  carriers 
are  trapped  at  the  same  midgap  defect  band,  and  thus  recombine,  i.e.  this  acts  as  a 
recombination  center,  or  the  midgap  donor  and  acceptor  levels  capture  carriers,  which  then 
recombine. 


Low-temperature  of  InP  based  materials 

From  the  above  discussion  of  the  properties  of  the  LT-GaAs  layer,  it  is  seen  that  its  unique 
properties  are  related  to  a  significant  excess  As-rich  condition,  while  still  preserving  its 
crystallinity.  Therefore  similar  behavior  might  be  expected  of  the  low-temperature  MBE  growth 
of  other  As-containing  IIl-V  materials  e.g.  lattice-maiched/mis-matched  InAlAs  and  InGaAs  on 
InP.  In  order  to  study  this,  a  number  of  layers  of  lattice-matched  Ino.szAlo.asAs  and 
Ino.53Gao.47As  were  grown  by  MBE  at  low  temperatures  on  semi-insulating  InP  substrates. 

A  series  of  1-pm-thick  Ino.52Alo.48As  layers  were  grown  on  Fe-doped  semi-insulating 
(100)  InP  substrates  by  MBE  at  successively  reduced  temperatures  of  480,  400,  300,  200,  and 
150°C,  at  a  growth  rate  of  0.6  pm/hr  [7].  The  V/III  flux  ratio  was  maintained  at  45.  Growth 
was  done  on  As-stabilised  (2x4)  reconstructed  surface  as  observed  in  the  in- situ  RHEED 
pattern  before  and  after  growth.  A  sample  grown  at  ISO^C  was  annealed  in-situ  under  an 
arsenic  overpressure  by  raising  the  substrate  to  500”C  for  10  min.  after  the  growth  was 
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completed.  Nominally  undoped  layers  of  Ino.52Alo.48As  grown  by  MBE  at  temperatures  of 
less  than  500°C  are  insulating  [8|.  Therefore  low  temperature  MBE  grown  Ino.52Alo.48As 
layers  when  used  as  buffer  layers  for  FETs,  have  shown  remarkable  improvements  in  the 
performance  of  these  devices  [9], 

A  systematic  study  of  the  structural  quality  and  arsenic  content  of  the  as-grown 
Ino.52Alo.48As  layers  described  above  has  recently  been  reported  |10].  It  is  observed  that  1  pm 
thick  layers  can  be  grown  on  InP  with  a  high  crystalline  quality  for  growth  temperatures  down 
to  200°C.  The  amount  of  excess-As  incorporated  generally  tends  to  increase  as  the  growth 
temperature  is  lowered.  At  lower  growth  temperatures  of  150°C,  the  material  is  not 
monocrystalline  and  a  high  density  of  pyramidal  defects  are  formed,  mostly  consisting  of 
dislocations  and  hexagonal-As.  Thus  the  behavior  is  qualitatively  similar  to  the  case  of  LT- 
GaAs,  where  the  excess-As  is  also  incorporated  and  leads  to  As-precipitate  formation  under 
certain  conditions  as  described  in  previous  sections.  Therefore  short  carrier  lifetimes  are  also 
expected  in  LT-Inq52Alo.48As. 

In  contrast,  lattice-matched  Ino.53Gao.47As  grown  around  500°C  is  n-type  and  is  virtually 
trap  free.  For  our  preliminary  study  of  low  temperature  MBE  in  this  material  system,  a  series 

of  1-pm-thick  undoped  Ino.53Gao.47As  layers  were  grown  at  successively  reduced  growth 

temperatures  of  500,  300,  200,  and  165  °C,  on  a  0.3  pm  undoped  Ino,53Gao.47As  buffer 
grown  at  500°C  on  a  (001)  oriented  InP  substrate.  The  samples  were  grown  at  a  rate  of  -  I 
pm/hr  with  a  group  V/III  beam  equivalent  pressure  ratio  of  10.  All  the  samples  appear  to  be 
crystalline  as  observed  by  RHEED. 


As-precipitate  model 


Energy-band  model 


♦ 


Capturg  cross  SdClion  o  ■  2.8  s  10 


I  -  1/N,ov„  «  1  ps 


Fig.  1  Energy  band  model  and  As^vecipilale  model  lor  LT-GaAs 
grown  at  200°C 
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FEMTOSECX3ND  OPTICAL  REFLECTANCE  /  ABSORPTION  MEASUREMENTS 

To  measure  the  carrier  lifetime  in  LT-MBE  grown  materials,  the  technique  of  time-resolved 
photoluminescence  would  appear  to  be  the  most  direct  approach.  However  due  to  the  high 
density  of  deep-level  defects  as  mentioned  above,  and  consequently  the  recombination  being 
dominated  by  non-radiative  processes,  this  approach  is  not  possible.  Carrier  injection,  either 
electrically  or  optically,  causes  a  number  of  induced  absorption  changes  through  the  processes 
of  bandfilling,  band-gap  renormalization,  and  ffee-carrier  absorption  [11].  The  time-evolution 
of  this  induct  absorption  and  reflection  change  is  thus  a  measure  of  the  carrier  lifetime. 


The  basic  experimental  schematic  is  the  familiar  pump-probe  arrangement.  An  ultrashort 
pulse  (typically  ~100  femtoseconds)  laser  source  is  divided  into  two  beams.  The  excitation 
beam  is  focussed  to  a  -20-30  pm  and  impinges  on  the  semiconductor  sample,  thus  generating 
carriers.  The  probe  beam,  passes  through  a  variable  optical  delay  line  is  focussed  to  a  slightly 
smaller  spot  (-10-20  pm),  overlapping  the  pump  spot.  The  probe  beam  power  is  attenuated  by 
a  factor  of  10,  as  compared  to  that  of  the  pump  beam.  To  avoid  unwanted  interference  effects 
or  coherent  artifacts,  the  probe  beam  polarization  is  made  orthogonal  to  that  of  the  pump  beam 
or  is  made  circularly  polarized. 

For  most  of  our  measurements,  a  visible  colliding  pulse  mode-locked  (CPM)  ring  dye  laser 
is  used.  This  laser  typically  produces  120  fs  full-width-half-maximum  (FWHM)  pulses, 
centered  around  a  wavelength  X,  =  620  nm,  with  a  repetition  rate  of  100  MHz.  The  time 
resolution  of  this  pump-probe  measurement  is  given  by  the  cross-correlation  of  the  pump  and 


Fig.  2  Transient  optical  reflectivity  using  CPM  laser  for  unannealed 

200°C  MBE  grown  LT-GaAs.  Inset  shows  the  same  measurement 
for  unannealed  260°C  MBE  grown  LT-GaAs. 
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probe  laser  pulses  and  is  -  250  fs.  For  some  measurements,  as  will  be  discussed  in  the  next 
section,  a  self-mode-locked  femtosecond  Ti-sapphire  laser  is  used. 


Results  and  discussion 

Figure  2  shows  a  typical  data  for  LT-OaAs  grown  at  260°C(inset)  and  200°C.  Fig.  3  plots 
the  carrier  lifetime  as  a  function  of  the  growth  temperature  for  the  unannealed  samples,  as 
obtained  from  the  initial  1/e  decay  of  the  transient  reflectivity  signature.  Thus  it  is  observed  that 
the  carrier  lifetime  decreases  with  a  decrease  in  the  growth  temperature,  with  a  sub-picosecond 
value  for  the  lowest  growth  temperature  range  1 12|. 

On  a  closer  look  a  number  of  features  need  to  be  understood  about  the  data  in  Fig.2.  First 
let  us  consider  the  data  for  LT-GaAs  grown  at  temperatures  of  260,  300,  350  and  400°C,  all  of 
which  show  similar  decay  curves,  with  the  decay  times  as  given  in  Fig. 3.  The  initial 
photoinjected  carrier  density  is  estimated  to  be  -  1.0  x  10’*  cm-3.  The  An  resulting  from  this 
carrier  induced  bandfilling,  bandgap  renormalization  and  free  carrier  absorption  is  estimated  to 
be  2.87  X  10'^,  -1.42  x  lO'^  and  -8.7  x  10*^,  thus  giving  a  total  initial  An  (t=0)  =  5.8  x  10  '*. 
Experimentally  the  An  signal  is  positive  and  the  amplitudes  fall  between  4.0-6.0  x  10  ■*,  in 
close  agreement  with  the  value  given  above. 

For  the  samples  grown  at  200  and  190°C,  the  initial  decay  time  is  measured  to  be  less  than 
0,4  ps.  Two  additional  features  are  observed  in  the  reflectivity  data  of  the  unannealed  190  and 
200°C  LT-GaAs  layers.  First,  the  initial  change  in  reflectivity  is  negative  for  times  less  than  1 
ps  after  the  pump  laser  pulse  is  incident  on  the  sample  surface.  The  second  interesting  feature  is 
the  crossing  of  the  zero  axis  and  the  subsequent  slow  recovery  (-  10-15  ps)  of  the  signal.  At 
present  we  do  not  have  a  clear  understanding  of  why  the  initial  AR/R  transient  is  negative  in  the 
as-grown  samples,  but  we  speculate  that  it  could  be  due  to  a  large  density  of  near  band-edge 
states  that  give  rise  to  a  larger  and  smeared  out  band-edge  absorption.  This  would  greatly 
decrease  the  effect  of  bandfilling  and  bandgap  renormalization  on  An,  resulting  in  the  dominant 
contribution  to  An  being  from  free  carrier  absorption,  which  is  negative.  We  believe  that  the 
slowly  recovering  component  of  the  signal  is  not  indicative  of  the  carrier  lifetime,  as  inferred 
from  the  transient  reflectivity  measurements  on  the  annealed  samples  to  be  discussed  in  the  next 
paragraph.  It  is  possible  that  this  slow  transient  in  AR/R  arises  from  re-emission  of  carriers 
from  near  band-edge  states  into  the  conduction  and/or  valence  bands  and  the  subsequent  fast 
recombination  of  the  free  carriers. 

The  transient  reflectance  signal  observed  for  LT-GaAs  grown  at  260°C  or  above  show  no 
significant  difference  between  the  as-grown  and  the  annealed  samples.  However,  annealed 
samples  grown  at  190  and  200°C  displayed  essentially  the  same  subpicosecond  decay  observed 
for  the  unannealed  samples,  except  that  AR/R  is  positive  and  there  is  a  negligible  slow 
component  as  shown  in  the  inset  of  Fig.  4.  These  results  lead  us  to  conclude  that  the  cairier 
lifetime  in  LT-GaAs  is  primarily  determined  by  the  growth  temperature  and  not  by  the 
annealing,  and  that  the  As-precipitates  present  in  the  annealed  material  are  not  necessary  to 
achieve  the  fast  recombination  times. 

It  should  be  remembered  that  the  photoexcitation  of  carriers  for  the  above  mentioned 
experiments  using  a  CPM  laser  at  X  =  620  nm  (2.0  eV)  occurs  far  above  the  GaAs  band  edge 
(Eg  =  1.42  eV).  Hence  the  initial  injected  carriers  have  almost  0.6  eV  of  excess  energy. 
Therefore,  intraband  carrier  relaxation  by  optical  phonon  emission  and  inter-valley  scattering 
can  play  a  significant  role  in  determining  the  reflectance  change  especially  on  the  sub¬ 
picosecond  time  scale.  Therefore  to  estimate  the  acnia)  carrier  lifetime  in  the  LT-GaAs  material 
on  the  sub-picosecond  time  scale  it  is  preferable  to  photoinject  carriers  at  an  energy  slightly 
above  the  band-gap  so  that  the  scattering  to  the  satellite  valleys  is  completely  eliminate  and  the 


AT/T  &  AR/R 


growth  temperature  (°C) 


Fig.  3  Carrier  lifetime  v/s  growth  temperature  for  low-temperature  MBE 
grown  GaAs,  measured  by  transient  reflectance  using  CPM  laser. 


Fig.  4  Transient  reflection  and  transmission  for  annealed  200°C  LT-GaAs  u 
Ti-saphhire  laser  at  X=83S  nm.  Inset  shows  the  same  measurement 
using  CPM  laser  at  X=620  nm. 
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intraband  relaxation  is  minimized  to  one  or  two  LO-phonon  emission.  For  this  a  self-mode- 
locked  Ti-sapphire  laser.  This  laser  generates  100  fs  FWHM  pulses,  and  the  wavelength  is 
tuned  to  X.  =  835  nm,  i.e.  ~  60  meV  above  the  Ga.4s  band  edge.  Hence  intervalley  scattering  is 
completely  eliminateil,  and  intraband  relaxation  by  LO-phonon  emission  is  minimized.  Hence 
the  primary  process  for  the  change  in  An  on  a  subpicosccond  time  scales  is  due  only  to  the 
trapping  of  carriers.  The  results  of  such  a  measu.ement  are  shown  in  Fig.  4.  For  this 
measurement  an  annealed  LT-GaAs  epitaxial  film  grown  at  200‘’C  was  used.  Also  by 
selectively  etching  the  substrate,  a  back-hole  is  opened  so  that  simultaneous  reflection  and 
transmission  measurements  can  be  made.  The  fractional  changes  are  larger,  about  1-2%,  as 
compared  to  the  measurements  done  using  a  CPM  laser  at  X  =  620  nm.  The  carrier  induced 
refractive  index  change  increases  rapidly  near  the  band  edge,  in  fact  a  resonance  occurs.  Hence 
larger  signals  are  expected  for  measutements  closer  to  the  band  edge.  From  the  measurement 
one  can  estimate  the  carrier  lifetime  of  the  200°C  LT-GaAs  material  to  be  about  0.3  ps. 

It  was  pointed  out  that  the  unique  properties  of  LT-GaAs  is  attributed  to  the  significant  As- 
rich  conditions  in  the  material  and  therefore  .similar  properties  can  be  expected  in  other  As- 
containing  III-V  compounds.  Fig.  5  shows  the  time-resolved  reflectance  measurement  of  these 
LT-Ino  52Alo4gAs  samples,  using  a  CPM  laser  [7).  A  gradual  reduc  Ion  in  the  initial  fall  time 
from  -  1 2  ps  to  -  4  ps  is  observed  as  the  growth  temperature  is  lowered  from  480°C  to  200‘’C. 
For  the  sample  grown  at  150°C,  a  drastic  reduction  in  the  fall  time  to  -  0.4  ps  is  observed. 
Note  also  that  the  reflectivity  signal  from  this  sample  is  inverted  and  crosses  the  zero  axis  with 
a  slowly  recovering  component.  This  behaviour  is  exactly  similar  to  the  one  observed  for  LT- 
GaAs  layers  as  menuoned  above  and  similar  arguments  can  be  made  for  the  LT-lnAlAs  layers. 
Fig.  6  plots  the  carrier  lifetime  as  a  function  of  the  growth  temperature  for  the  unannealed  LT- 
Ino53Gao  47AS  layers  grown  on  InP  substrate.  The  carrier  lifetime  is  also  observed  to  decrease 
with  decreasing  growth  temperatures  in  this  material  system  and  reaches  a  value  of  about  2.5 
ps  for  the  lowest  growth  temperature  investigated. 


Fig.  5  Time-resolved  reflectance  of  unannealed  low-temperature 
MBE  grown  In  Al  As  at  X=520  nm. 

**  0  52  0  4t 


212 


Fig  6  Carrier  lifetime  v/s  grovrth  temperature  tor  low-temperature 
MBE  grown  ln|j5jGa||  ,,As  epilayers 


PHOTCXXJNDUCriVE  SWITCHING  MEASUREMENTS 


Experiment 

For  measuring  the  high  speed  response  of  passive  or  active  devices,  directly  in  the  time- 
domain,  electro-optic  sampling  1 13]  is  emerging  as  the  most  useful  technique.  TTiis  technique 
exploits  the  fast  Pockels  effect,  in  which  an  electric  field  applied  to  a  nonlinear  crystal,  changes 
the  birefringent  properties  of  the  crystal,  and  therefore  the  polarization  of  the  light  passing 
through  it.  Hence  if  the  crystal  is  placed  between  crossed  polarizers,  the  transmitt^  light 
intensity  changes  as  a  function  of  the  applied  field.  Many  different  embodiments  of  the  electro- 
optic  sampling  can  be  implemented.  The  one  used  here  is  the  external  Tinger-probe'  scheme 
(141.  A  CPM  dye  laser  is  used  as  the  short  pulse  source.  The  temporal  response  of  this 
technique  is  limited  to  about  300  fs. 


Results  and  discussion 

From  the  above  discussion  it  appears  that  low-temperature  MBE  grown  GaAs,  especially 
those  grown  around  200'’C,  has  the  desired  properties  of  a  fast  photoconductor.  Fig.  7  shows 
the  measured  photoconductive  switch  response  of  the  LT-GaAs  film  grown  at  200°C  and 
annealed  at  600°C  for  10  min.  inside  the  growth  chamber  under  an  As-overpressute,  after  the 
completion  of  the  growth.  The  electrode  geon.  .‘try  is  a  coplanar  waveguide  with  a  wave 
impedance  of  50fl.  A  10-pm-gap  in  the  center  electrode  serves  as  the  photoconductive 
generating  gap.  An  electrical  signal  is  launched  by  shorting  the  gap  in  the  10  V  dc-biased  center 
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line,  using  a  beam  from  the  CPM  lasei.  The  signal  is  then  detected  using  the  finger-probe 


electro-optic  sampling  as  described  earlier.  The  detection  is  done  about  150  pm  from  the 
generating  gap  to  keep  the  distortion  of  the  propagating  pulse  to  a  minimum.  The  pulse  has  a 
nearly  symmetric  shape  and  a  FWHM  of  0.6  ps.  Note  that  this  is  the  directly  measured 
pulsewidth,  that  is  without  deconvoluting  any  effects.  This  represents  the  shortest 
photoconductively  generated  electrical  pulse  in  a  III-V  material.  From  the  1/c  decay  time  of  the 
electrical  pulse  in  Fig.  7,  the  carrier  lifetime  in  the  200°C  annealed  is  estimated  to  be  less  than 
0.4  ps.  Note  that  this  value  is  consistent  with  the  time-resolved  reflection/absorption 
measurements.  This  is  expected  since  both  are  primarily  determined  by  the  photoexcited  carrier 
lifetime.  Writing  the  integrated  photocument  as 


(3) 


where  Zq  =  characteristic  impedance,  n  =  quantum  efficiency  (-1.0),  R  =  reflectivity,  p  = 
mobility,  T  =  carrier  lifetime,  Vj,  =  applied  bias,  1  =  gap  length,  and  P  =  average  optical  power, 
and  substituting  the  relevant  experimental  parameters,  one  computes  a  value  of  p  =  120  -  150 
cm^A'-s  for  the  LT-GaAs  material.  This  is  compared  to  a  value  of  about  30  cm^A'-s  typically 
obtained  for  implanted  SOS  material,  so  far  the  most  popular  photoconductive  material  for 
generating  short  electrical  pulses,  Hence  a  better  efficiency  is  obtained  in  generating  short 
pulses. 

We  have  seen  earlier  that  subpicosecond  carrier  lifetimes  have  been  observed  in  other  low- 
temperature  MBE  grown  III-V  materials.  Therefore  it  is  important  to  know  their 
photoconductive  switching  behavior.  Fig.  8  shows  the  photoconductive  switch  response 
measured  by  external  electro-optic  sampling  for  the  LT-lno  sjAlo^jAs  sample  grown  at  150°C. 
Three  cases  are  shown:  unannealed,  externally  annealed  and  in-situ  annealed.  It  is  seen  that  in 
the  former  two  cases,  the  subpicosecond  1/e  fall  time  of  -0.5  ps  is  maintained  which  matches 
very  well  with  the  fall  time  of  -0.4  ps  as  obtained  from  the  time-resolved  reflectivity  data. 
However  with  in-situ  anneal,  the  switching  response  slows  down  to  1.2  ps  as  is  also  indicated 
by  the  decay  time  from  the  transient  reflectance  data.  The  in-situ  annealed  material  also  exhibits 
a  fairly  long  decay  component  (-10  ps)  in  the  photoconductive  response.  The  responsivity  is 
seen  to  improve  marginally  with  external  anneal  and  moderately  with  in-situ  anneal.  The  best 

responsivity  translates  into  an  approximate  value  of  [1-5  cm^/V-s,  for  the  photoconductive 
switch  response.  Further  study  is  needed  to  optimise  the  performance  of  this  material  when 
used  as  a  photoconductive  switch.  Nevertheless,  the  above  switching  measurements  confirm 
the  sub-picosecond  carrier  lifetimes  in  this  material. 

The  more  interesting  material  for  phtoconductive  applications  is  Ino53Gao47As.  This 
material  has  a  lower  bandgap,  around  the  commercially  important  wavelength  region  of  1 .5 
pm.  Hence  LT-Ing  .53^*0  47AS  can  potentially  offer  advantages  for  fast  detectors,  if  similar 
high  resistivity  photoconductive  switches,  with  short  carrier  lifetimes  and  high  responsivity  can 
be  demonstrated.  Unfortunately  the  low  resistivity  of  the  low-temperature  MBE  grown  lattice- 
matched  InGaAs  on  Inf*  sub.virate,  has  so  far  precluded  their  use  in  photoconductive  switching. 
Further  work  is  needed  to  increase  the  resistivity  of  this  material,  so  as  to  be  useful  as  a 
photoconductor  switch. 


APPLICATIONS 

The  LT-MBE  grown  layers  have  found  numerous  applications.  As  mentioned  earlier,  the 
high-resistivity  nature  of  these  layers  have  enabled  their  use  as  buffer  layers  for  FETs, 
eliminating  the  back-gating  and  side-gating  effects. 


time  ( ps ) 

Fig.  7  PhcHoconductive  switch  response  of  annealed  200®C  MBE  grown 

LT-GaAs  as  measured  by  clecuo-optic  sampling.  The  applied  bias 
is  to  V  across  a  10  pm  gap. 


time  (ps) 

Fig.  8  Photoconduciive  switch  response  of  ^^Al^  ^^As  grown  by  MBE  at  150®C 

for  (a)  unannealed,  (b)  exiemally  annealed,  and  (c>  in-siiu  annealed  .samples. 
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The  above  mentioned  photoconductive  switching  measurements  have  enabled  the  generation 
of  sub-picosecond  pulses,  i.e.  with  terahertz  bandwidths,  with  good  conversion  efficiencies. 
Also  a  photoconductive  gap  in  the  LT-MBE  layers  can  be  used  as  sampling  gates  with  sub¬ 
picosecond  resolution.  Since  the  carrier  lifetime  is  very  short,  most  of  the  carriers  recombine 
before  they  reach  the  other  electrode  in  the  photoconductive  structure.  Therefore  reducing  the 
gap  length  would  enable  the  collection  of  more  carriers  and  hence  improve  the  responsivity. 
375  GHz  LT-GaAs  photodetectors  with  a  responsivity  as  high  as  0.1  A/W  have  been 
demonstrated  [15]. 

The  terahertz  bandwidth  pulses  can  also  be  used  to  study  the  microwave  performance  of 
passive  or  active  devices.  The  pulse  propagation  on  coplanar  transmission  line  interconnects 
have  been  studied,  where  the  role  of  Aspersion  and  loss  mechanisms  have  been  detailed  [16]. 
Due  to  the  high  breakdown  strength  of  these  LT-MBE  layers,  they  have  also  been  used  to 
switch  high  voltage  pulses  on  a  picosecond  time  scale  [17].  Thus  these  LT-MBE  grown 
materials  are  useful  for  a  number  of  ultrafast  optoelectronic  applications. 
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ABSTRACT 

A  high  performance,  Alo.aGao  rAs/GaAs  based,  optically  gated  thyristor  with  a  bulk 
semi-insulating(SI)  GaAs  650  /rm  in  thickness  as  the  voltage  blocking  layer  has  been 
fabricated  and  characterized  for  high  power  pulsed  switching  applications.  Low  tem- 
perature(LT)  GaAs  was  used  to  passivate  the  device  surface  and  was  found  to  greatly 
improve  the  switch  hold-off  voltage.  The  switched  current  as  a  function  of  bias  up  to 
2,200  V  (34  kV/cm)  has  been  tested  and  the  maximum  switched  current  was  240  A  with 
a  di/dt  equal  to  2.02x10'°  A/s.  The  forward  dynamic  current-voltage  characteristics 
have  been  measured  and  the  dissipated  energy  per  switching  determined.  It  was  found 
that  very  sensitive  triggering  of  the  switch  is  possible,  even  with  a  light  emitting  diode 
operating  in  the  sub-mW  range,  when  the  thyristor  is  reverse  biased.  The  sensitive 
triggering  is  a  result  of  the  carrier  tunneling  through  the  reverse  biased  pn  junctions. 

INTRODUCTION 

Semiconductor  heterojunction  optothyristors  based  on  AlGaAs/GaAs  are  potentially 
very  suitable  for  high  power  and  high  pulse  repetition  frequency(PRF)  switching  appli¬ 
cations  since  the  wider  band  gap  AlGaAs  can  provide  an  optical  window  for  sensitive 
optical  gating  and  the  bipolar  junction  can  provide  high  di/dt  rating.  When  compared 
to  the  widely  used  high  power  device  material.  Si,  direct  band  gap  GaAs  allows  effi¬ 
cient  absorption  and  generation  of  photons  and  should  switch  faster  due  to  its  higher 
carrier  saturation  velocity.  Also  due  to  its  larger  band  gap,  GaAs  can  tolerate  higher 
temperature  and  higher  radiation  energy.  Researchers  in  Ioffe  Institute  have  reported 
epitaxially  grown  AlGaAs/GaAs  optothyristors  with  hold-off  voltage  up  to  1,000  volts, 
and  di/dt  values  of  5x10'°  A/s  with  peak  current  close  to  10  A  have  also  been  reported 
U-Cj.  Interesting  results  on  homojunction  GaAs  thyristors  with  Sl-GaAs  as  the  voltage 
blocking  layer  have  <dso  become  available  recently  with  a  DC  blocking  voltage  of  more 
than  800  V  and  a  di/dt  equsd  to  1.5x10*®  A/s  for  close  to  300A  peak  current  [Tj- 

In  this  paper,  we  report  a  study  of  an  MBE  grown  AlGaAs/GaAs  based  optothyristor 
for  high  power  pulsed  switching  applications  with  a  650  /rm  SI-GaAs  as  the  voltage 
blocking  layer.  AlGaAs  is  used  as  an  optical  window  for  sensitive  optical  gating  and 
heavily  doped  P*  and  N*"  epilayers  are  used  for  forming  good  ohmic  contacts.  Both  sides 
of  the  device  surface  are  passivated  by  MBE  GaAs  grown  at  very  low  temperaturelS.Oj 
which  is  found  to  greatly  increase  the  hold-off  voltage. 
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DEVICE  FABRICATION  AND  MEASUREMENT  CIRCUIT 

An  undoped  LEG  GaAs  with  both  sides  polished  was  used  as  the  voltage  blocking 
layer.  The  thickness  is  650/tm  and  the  resistivity  is  larger  than  1x10®  ohms-cra.  A 
3x10’^  cm~®  Be-doped  Alo.3Gao.7As  film  of  1.2pm  in  thickness  was  gown  by  MBE  on 
one  side  of  the  SI-GaAs,  followed  by  a  0.9  pm  lxl0’*cm"®  Si-doped  Alo.3Gao.7As  layer. 
An  undoped  0.2  pm  low  temperature(LT)  GaAs  layer  was  then  grown  at  200°C  for 
surface  passivation.  On  the  other  polished  side  of  the  SI-GaAs  a  1.2  pm  IxlO'^cm'® 
Si-doped  Alo.3Gao.7As  film  was  then  grown,  followed  by  a  0.9pm  5xl0’*cm“®  Be-doped 
Alo.3Gao.7A8  layer.  A  0.2  pm  thick  undoped  LT-GaAs  layer  wris  also  grown  at  200®C  for 
surface  passivation  [S.0<.  The  sample  was  then  annealed  in  the  MBE  growth  chamber 
at  SSO^C  for  20  minutes  to  stabilize  the  LT-GaAs. 

Standard  photolithography  was  used  to  fabricate  recessed  circular  ohmic  contacts  of 
diameter  0.5  cm  with  an  optical  aperture  0.1cm  in  diameter.  Two  contacts  were  made 
on  the  top  and  bottom  surfaces.  AuGe  and  AuZn  were  used  for  the  ohmic  contacts 
on  the  N'*’  side  and  the  P+  side  of  the  device,  respectively.  Mesa  etching  was  finally 
used  to  define  a  junction  area  of  0.79cm^  on  both  sides.  The  final  device,  device  No.l, 
is  shown  in  Fig.l.  Low  inductance  connections  were  used  to  connect  the  device  to  the 
measurement  circuit  as  shown  in  Fig.2  where  a  special  low  inductance  current  viewing 
resistor(CVR)  and  capacitor  have  been  used  to  minimize  the  circuit  inductance.  The 
purpose  is  to  minimize  the  induction  oscillation,  Ldi/dt,  due  to  the  fast  current  rate  of 
rise,  where  L  is  the  inductance.  A  GaAs  light  emitting  diode(LBD)  operating  at  0.88 
pm  and  a  laser  diode  at  0.904  pm  were  used  as  the  light  sources.  The  laser  energy  is 
0.3  pJ  with  pulse  width  equal  to  30  ns  and  is  optical  fiber  coupled  to  the  device.  A 
TEK  7104  IGHz  fast  scope  is  connected  to  a  TEK  DCS  digitizing  camera  system  and 
controlled  by  a  computer  for  data  acquisition.  For  comparison  purpose  the  same  device 
fabrication  procedure  was  also  used  to  fabricate  bulk  photoconductive  switches  using 
the  650  pm  thick  SI-GaAs  without  any  epilayers.  AuGe  was  used  for  metallization  on 
both  sides  of  the  SI-GaAs.  This  bulk  device  is  named  No. 2  in  the  following  discussion. 
Pulsed  operation  of  the  devices  has  been  studied  and  the  optothyristor  hold-off  voltage 
has  been  tested  up  to  2,200V  and  -2,200V  under  forward  and  reverse  biases  which 
represents  a  field  intensity  around  34  kV/cm.  Instead  of  using  a  large  laser  system  of 
more  than  30  MW  power.  We  have  used  an  LED  of  a  few  mW  and  a  Iriser  diode  of  25 
W  peak  power  for  this  study.  AuZn 
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Fig.l  MBE  grown  optothyristor  structure. 
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Fig.2  Circuit  diagram  for  laser  activated  optothyristor  testing 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Shown  in  Fig. 3(a)  is  a  500V/400/ts  bias  pulse  across  device  No.2(curve  A)  and 
the  switching  voltage  across  the  device  with  a  constant  background  illumination  by 
a  lO.SmW  GaAs  LED{curve  B).  The  LED  was  positioned  at  the  center  of  the  aperture 
at  the  N'*'?  side  of  the  device  and  the  illuminated  area  had  a  diameter  of  about  0.5  cm. 
It  is  seen  that  the  turn-on  is  not  smooth  as  shown  in  Fig.3(a),  curve  B.  It  is  believed  that 
the  non-smooth  turn-on  is  a  result  of  the  local  high  field  near  the  metal  contact  where 
carriers  are  photo-generated,  of  impact  ionization  of  trapped  carriers  near  the  metal 
contact,  and  of  the  carrier  injection  directly  from  metal  contact  Kll,  This  point  becomes 
much  clearer  when  compared  to  the  results  of  the  LT-GaAs  passivated  device  No.  1  with 
good  ohmic  contacts  and  optical  windows  under  exactly  the  same  experimental  condi¬ 
tions.  Fig.3(b)  shows  a  negative  -500V/400/rs  bias  pulse  across  the  device(curve  A) 
and  the  switching  voltage  across  the  device  with  LED  illumination  power  at  0.01,  0.02, 
0.04,  0.07,  0.2,  1.04,  1.28,  1.53,  1.77,  and  2.00mW  (curves  B  through  K).  Very  smooth 
turn  on  is  also  observed  under  higher  bias  and  Fig.3(c)  shows  a  negative  -l,300V/3.5ps 
bias  pulse  across  the  device(curve  A)  and  the  switching  voltage  across  the  device  with 
LED  illumination  power  at  1.9,  2.5,  3.2,  4.4,  5.7,  7.0,  8.2,  9.3,  and  10.5  mW.  It  is  seen 
that  the  turn-on  of  the  device  is  very  smooth  and  the  opticrd  gating  efficiency  is  much 
higher  as  reflected  in  the  much  shorter  delay  time  for  turn-on.  In  particular,  comparing 
curve  B  in  Fig.3(a)  and  curve  C  in  Fig.3(b)  it  is  seen  that  for  the  same  delay  time  the 
required  LED  power  is  reduced  from  10.5  raW  to  0.02  mW,  a  reduction  of  525  times. 
This  is  clearly  due  to  the  use  of  the  wider  band  gap  AlGaAs  which  allows  photons  be 
absorbed  deep  into  the  device  more  effectively  and  the  photo-generated  carriers  be  fur¬ 
ther  separated  away  from  the  metallization  and  the  semiconductor  surface  where  large 
surface  states  exist.  In  short,  bulk  turn-on  is  observed  if  photons  can  be  effectively 
pumped  deep  into  the  device  and  be  far  away  from  surface  states.  Although  the  device 
reliability  has  not  been  studied  directly,  by  comparing  curve  B  in  Fig. 3(a)  with  the 
smooth  switching  curves  in  Fig. 3(b)  and  (c)  it  is  expected  that  the  device  lifetime  can 
be  greatly  improved  through  the  improvement  of  ohmic  contacts  as  well  as  the  removal 
of  the  photo-generated  carriers  from  near  the  metallization  and  semiconductor  surface. 
Another  interesting  observation  is  that  the  device  does  not  turn  on  if  the  device  bias 
pulse  changes  polarity  while  other  conditions  are  kept  the  same.  This  is  due  to  the  large 
tunneling  current  of  the  highly  reverse  biased  pn  junctions. 
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nme  (ns) 

Fig.S  (a)  Voltage  across  the  bulk  Sl-GaAs  device  without(curve  A)  and  with(curve 
B)  a  10.5  tnW  LED  illumination;  (b)  A  negative  -500V/400/is  device  bias  volt¬ 
age  wave{orm( curve  A)  and  the  switching  voltage  across  the  optothyristor  with 
LED  illumination  power  at  0.01,  0.02,  0.04,  0.07,  0.2,  1.04,  1.28,  1.53,  1.77  and 
2.00  mW(curve8  B  through  K);  (c)  A  negative  -l,300V/3.5^8  device  bias  voltage 
wave{orm(curve  A)  and  the  switching  voltage  across  the  optothyristor  with  LED 
illumination  power  at  1.9,  2.5,  3.2,  4.4,  5.7,  7.0,  8.2,  9.3  and  10.5  mW(curve  B 
through  J). 


Up  to  2,200V  forward  bias  has  been  applied  to  the  device  under  pulsed  condition 
and  the  switched  current  has  been  found  to  be  up  to  240A  with  a  di/dt  equal  to 
2.02x10*“  A/s.  The  dynamic  current-voltage  characteristics  at  somewhat  lower  voltage 
level  have  been  successfully  recorded  and  are  shown  in  Fig. 4  where  the  time  interval 
between  the  data  points  is  5  ns  and  the  triggering  light  source  has  been  replaced  by 
the  GaAs  laser.  It  is  seen  in  Fig.4  that  at  a  forward  bicis  of  1,450V  the  switched 
peak  current  is  56A  which  increases  to  115A  at  1,974V  bias.  There  is  always  a  very 
short,  a  few  tens  nanoseconds,  delay  time  in  the  rising  up  of  the  switched  current 
with  respect  to  the  switching  of  the  voltage.  This  delay  time  appears  to  be  due  to 
the  linear  photoconductivity  effects.  But  it  is  not  clear  to  us  why  at  1,974V  bias 
the  photoconductive  current  persists  for  a  long(almost  40  ns)  time  before  the  high 
current  eventually  picks  up.  We  notice  that  switching  delay  time  in  GaAs  homo  junction 
optically  triggered  thyristors  has  been  reported  to  be  as  long  as  more  than  100  ns  and 
has  been  explained  by  the  regeneration  process  resulting  from  the  feedback  between 
the  two  transistors  in  the  pnpn  structure'! Ij.  We  do  not  yet  have  a  good  explanation 
about  the  increased  delay  time  for  the  increased  device  bias,  although  it  is  possible  to 
argue  that  the  deep  trap  impact  ionization  coefficient  may  have  a  strong  and  nonlinear 
dependence  on  the  field  intensity  such  that  a  longer  time  is  required  at  a  higher  field 
intensity  to  impact  ionize  the  trapped  carriers  and  to  turn  on  the  device  completely 
which  results  in  the  high  current  peak. 

If  one  can  control  this  delay  time  the  power  consumption  may  be  greatly  reduced  as 
can  be  seen  in  Fig. 5  where  the  dissipated  energy  per  switching  has  been  determined  and 
plotted  as  a  function  of  device  bias.  The  datum  point  for  1,974V  bias  has  a  lower  energy 
dissipation  because  of  a  switching  delay  time  of  about  40  ns.  Since  Si  based  high  power 
thyristors  normally  switch  at  a  much  slower  speed,  typically  in  the  the  ^ts  range,  it  is 
expected  that  the  fast  switching  of  GaAs  based  optothyristors  would  dissipate  much 
less  energy  and  generate  much  less  heat  as  shown  in  Fig.5.  For  the  device  operated  at 
1,974V  with  a  115A  switched  current  the  dissipated  energy  is  less  than  2  mj.  Notice 
that  much  leirger  percent  of  this  2  mJ  energy  will  be  dissipated  by  emitting  photons 
through  the  direct  band  to  band  recombination  in  GaAs  instead  of  in  the  form  of  heat 
or  phonons  when  compared  to  that  in  Si  thyrsitors. 


Device  Bias  (V) 

Fig.S  Dissipated  energy  per  switching 
as  a  function  of  device  bias. 
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Light-triggered  thyristors  are  know  to  offer  the  best  approach  to  HVDC  thyristor 
valves  and  VAR-control  switches  of  simpler  design  and  to  provide  equipment  designers 
simpler  solutions  to  many  application  problemsfl2J.With  SI-GaAs  as  the  voltage  block¬ 
ing  layer  and  the  results  shown  in  Fig.3  and  4,  it  is  expected  that  by  increasing  the 
SI-GaAs  thickness  there  is  a  great  opportunity  for  GaAs  optothyristors  to  outperform 
Si  thyrsitors  in  the  switching  speed  as  well  as  the  voltage  and  current  ratings.  Further 
experimental  work  is  underway  to  fully  understand  and  improve  the  device  performance. 

CONCLUSION 

The  first  AlGaAs/GaAs  heterostructure  thyristor  with  bulk  SI-GaAs  as  the  voltage 
blocking  layer  has  been  demonstrated.  The  optically  gated  thyristor  is  capable  of  holding 
up  to  2,200V(34  kV/cm)  and  switching  240A  current  with  a  di/dt  equal  to  2.02x10’“ 
A/s  if  the  surface  of  the  device  is  passivated  by  LT-GaAs.  The  heavily  doped  wider  band 
gap  AlGaAs  layers  provide  very  good  ohmic  contacts  and  serve  as  optical  windows  for 
sensitive  optical  gating.  The  forward  dynamic  I-V  characteristics  have  been  studied  and 
the  dissipated  energy  per  switching  has  been  determined  as  a  function  of  device  bias. 
Reverse  biased  thyristor  is  found  to  be  very  interesting  for  pulsed  switching  applications 
because  even  an  LED  operating  in  the  sub-mW  range  can  turn  on  the  switch.  This  makes 
it  very  attractive  to  integrate  LED’s  with  the  thyristor  on  the  same  chip  for  triggering. 
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ABSTRACT 

We  report  on  the  generation  of  825  V  electrical  pulses  with  1 .4  ps  rise  time  and  4  ps  Full- 
Width-at-Half-Maximum  using  pulse  biased  Low-Temperature-grown  GaAs  photoconductive 
switch  triggered  by  submicrojoule,  150  fs  laser  pulses.  Dependence  of  the  temporal  pulse 
shape  on  toth  the  electric  Held  and  the  optical  energy  is  observed  and  discussed. 


Introduction 

In  recent  years  many  applications  have  emerged  for  high-voltage,  high-speed  switching.' 
Using  photoconductive  techniques  both  kilovolt  switching  and  picosecond  pulse  generation 
have  been  achieved.  High-voltage  switching  has  been  reported  using  high  resistivity  materials 
and  high  power  lasers  with  large-dimension  structures  to  achieve  kilovolt  switching.  This 
resulted  in  pulses  with  duration  down  to  70  ps  and  rise  time  no  less  than  10  ps.2  Conversely, 
high-speed  switching  has  used  short  optical  pulses  with  fast  recovery  time  materials,  small 
dimension  structures  and  low  power  lasers  to  achieve  generation  of  subpicosecond  pulses  with 
amplitude  up  to  6  V.3. 4  To  this  day  the  competing  needs  of  having  a  large  gap  to  hold  off  high 
voltage  and  a  small  gap  to  maintain  high  speed  have  hitherto  left  Idlovolt  amplitude  and  single 
picosecond  pulse  generation  decoupled. 

The  breakdown  voltage  or  maximum  bias  voltage  that  can  be  applied  to  a  photoconductive 
switch  is  determined  by  the  dimension  accross  which  the  bias  is  applied  and  the  resistivity  of 
the  semiconductor  material.  This  breakdown  voltage  may  be  increaswl  by  limiting  the  duration 
of  the  bias  voltage.  The  fraction  of  bias  voltage  effectively  switched  depends  on  the  energy  of 
the  optical  pulse.  The  rise  time  of  the  electrical  signal  is  determined  by  the  duration  of  the 
optical  pulse  and  by  the  switch  bandwidth,  which  is  a  function  of  the  switch  dimensions.  The 
pulse  duration  is  limited  by  the  carrier  lifetime.  Ultimately  the  geometry  of  the  switch 
determines  the  maximum  possible  bias  and  the  minimum  rise  time. 

With  conventional  high  resistivity  GaAs  or  Si.  the  electric  field  hold-off  is  around  10^ 
V/cm.  Therefore,  the  small  dimensions  necessary  for  picosecond  signal  generation  limit  the 
applied  voltage  to  few  hundred  volts.  However,  Low-Temperalure-MBE-grown  GaAs  (LT- 
GaAs)  has  recently  demonstrated  extremely  high  resistivity  and  breakdown  threshold.3 
Furthermore,  due  to  its  subpicosecond  carrier  lifetime  LT-GaAs  satisfies  the  conditions  for 
picosecond  pulse  generation.  Using  this  material  and  the  technique  of  pulse  biasing,  we  have 
been  able  to  apply  up  to  1.3  kilovolt  to  a  100  pm  switch  making  possible  the  generation  of 
picosecond  high-voltage  pulses. 


Experimental  configuration 

Efficient  switching  of  kilovolt-level  bias  voltages  requires  an  optical  energy  at  the  microjoule 
level,  which  necessitates  the  use  of  amplified  laser  pulses.  Our  laser  (similar  to  that  described 
in  references  5  and  6)  generates  microjoule  pulses  at  620  nm  at  a  2-kHz  repetition  rate,  using  a 
two-stage  dye  amplifier  pumped  by  a  frequency  doubled  Nd:YAG  regenerative  amplifier.  TTie 
laser  pulse  duration  is  150  fs,  ensuring  that  the  picosecond  electrical  pulse  generation  and 
measurement  are  not  limited  by  the  optical  pulse  length. 

A  schematic  diagram  of  the  experimental  configuration  is  shown  in  Figure  1.  Pulse  biasing 
is  employed  to  prevent  breakdown  of  the  switch.  Part  of  the  frequency  doubled  Nd:YAG 
regenerative  amplifier  output  is  used  to  illuminate  a  dc-biased  4-mm-Iong 

Mat.  Res.  Soc.  Symp.  Proc.  Vot.  241.  '  1992  Materials  Research  Society 
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Cr.GaAs  Substrate  LT  -OaAs  Substrate 

Figure  1  ..schematic  of  the  experimental  set  up. 


semi-insulating  GaAs  switch  which  is  used  as  the  pulse-bias  network.  The  switch  is  mounted 
in  a  microstrip  line  geometry  between  a  -10  Q  charge  line  and  a  90  Ci  transmission  line. 
Illuminated  by  a  80  (Ij,  80  ps  optical  pulse  at  532  nm,  this  device  produces  an  electrical  pulse 
which  has  an  amplitude  equal  to  70%  of  the  dc  bias  voltage  and  a  full-width-at-half-maximum 
of  400  ps.  This  pulse  then  biases  a  90  fi  coplanar  stripline  (100  |im  wide  gold  conductors 
separated  by  100  |im)  on  a  LT-GaAs  substrate.  As  the  bias  pulse  propagates  along  the 
transmission  lines,  a  150  fs  submicrojoule  optical  pulse  illuminates  the  area  between  the  lines. 
The  high  density  of  carriers  formed  within  the  LT-GaAs  shorts  the  electrodes  together.  This 
technique  of  switching,  known  as  "sliding  contact",  in  principle  allows  total  switching  of  the 
applied  bias  voltage.'^  The  resulting  electrical  waveform  is  schematically  shown  in  Figure  1. 
External  electro-opdc  sampling  in  a  LiTa03  crystal  with  150  fs,  100  pJ  pulses  is  used  to 
measure  the  signal  3(X)  (im  from  the  switch  site.*  In  our  configuration  the  crystal  has  a  half¬ 
wave  voltage  of  -4  kV  ensuring  a  response  linear  within  2%  over  the  range  of  voltages 
measured.  The  calibration  error  for  the  measurement  is  estimated  to  be  5%  owing  mainly  to 
laser  intensity  fluctuations.  Waveforms  are  recorded  for  different  settings  of  bias  voltage  and 
illuminating  energy.  For  convenience,  the  picosecond  electrical  waveforms  are  then  extracted 
and  displayed  in  a  more  conventional  format. 


Results 

Figure  2  shows  an  825  V  pulse  with  duration  of  4  ps  and  rise  time  of  1 .4  ps.  The  negative 
precursor  to  the  pulse  is  attributed  to  the  radiation  from  the  dipole  formed  at  the  generation 
site.  For  incident  optical  energies  greater  than  500  nJ  we  observe  saturation  of  the  switching 
efficiency,  defined  as  the  ratio  of  switched  voltage  to  applied  voltage,  as  shown  in  Figure  3. 
While  the  maximum  switching  efficiency  is  ideally  100%,  the  70%  experimentally  measured 
can  be  explained  by  a  combination  of  factors  including  radiation,  dispersion  and  contact 
resistances. 
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Figure  4;  pulse  shape  as  a  function  of 
optical  energy  for  an  elctric  field  of  100 
kV/cm. 


time  (ps) 

Figure  5:  pulse  shape  as  a  function  of 
applied  bias  for  an  optical  energy  of  900  nJ. 


The  rise  time,  ultimately  limited  by  the  100  pm  transmission  line  dimensions,  reveals  a 
clear  dependence  on  the  carrier  density.  As  illustrated  in  Figure  4,  we  observe  a  degradation 
from  1.1  ps  to  1.5  ps  over  the  range  of  optical  energy  from  100  to  900  nJ.  However,  as 
shown  in  Figure  5,  the  rise  time  appears  to  be  independent  of  the  electric  field.  The  relation  of 
the  rise  time  to  the  carrier  density  and  the  electric  field  is  still  not  well  understood.  A  possible 
explanation  involves  saturation  of  the  available  trapping  centers.  In  LT-GaAs  the  short  carrier 
lifetime  is  primarily  attributed  to  arsenide  precipitates  acting  as  trapping  centers.  Under  high 
carrier  density  the  trapping  centers  could  be  saturated  and  the  carrier  lifetime  would  then 
become  longer.  This  change  in  the  carrier  lifetime  would  affect  the  rise  time  as  well  as  the 
duration  of  the  electrical  pulse.  This  explanation  and  others  involving  saturation  of  the  current 
density  and  strong  carrier  scattering  are  presently  being  investigated. 

Although  a  subpicosecond  fall  time  was  anticipated  from  previous  measurements  of  LT- 
GaAs  carrier  lifetime,^  this  experiment  reveals  a  much  longer  recovery  time.  This  tail  increases 
as  we  increase  either  the  carrier  density  or  the  applied  electric  field  (Fig  4  and  5).  Significant 
local  heating  due  to  the  extremely  high  current  densities  (up  to  10^  A/cm^)  drawn  through  the 
switch  area  results  in  generation  of  additional  carriers  and  could  explain  this  long  recovery 
time,  however  it  does  not  account  for  the  rise  time  degradation.  In  the  following,  we  present 
another  possible  justification  for  the  long  recombination  time,  involving  intervalley  scattering 
which  is  known  to  be  strongly  dependent  on  both  the  electric  field  and  the  carrier  density. 

The  switched  electrical  pulse  shape  reflects  the  evolution  of  the  current  density,  which  is 
proportional  to  the  product  of  carrier  density  and  average  carrier  velocity.  A  carrier's 
contribution  to  the  switching  process  is  then  proportional  to  its  velocity.  In  GaAs,  a 
photogenerated  hot  electron  under  a  strong  electric  field  can  scatter  from  the  central  valley  to  the 
high-effective-mass  satellite  X-  and  L-valleys,  greatly  reducing  its  velocity  and  therefore  its 
contribution  to  switching.  The  scattering  probability  increases  with  the  electrical  field  and, 
under  our  experimental  conditions,  we  estimate  that  mote  than  80  %  of  the  carriers  are  in  the 
satellite  valleys  after  100  fs.'O  The  transfer  of  those  electrons  back  into  the  central  valley 
occurs  on  the  picosecond  time  scale."  The  probability  of  transfer  into  a  specific  valley  is  a 
function  of  the  density  of  available  states  in  this  valley,  therefore  as  the  pump  energy  increases 
the  carrier  density  in  the  central  valley  rises.  Consequently,  the  probability  for  an  electron  to 
scatter  back  into  the  central  valley  decreases.  As  the  carriers  still  in  the  high  mobility  valley 
recombine  (within  few  hundred  femtoseconds  for  LT-GaAs),  the  probability  to  transfer  back 
from  the  satellite  valleys  increases  with  time.  The  satellite  valleys  can  then  be  seen  as  sources 
reinjecting  hot  electrons  into  the  central  valley  at  a  rate  dependent  on  the  relative  carrier 
populations  which  are  function  of  optical  fluence,  electric  field,  and  wavelength. 


Summar.Y 

In  conclusion,  we  report  on  the  application  of  LT-^wn  GaAs  for  photoconductive  switching 
using  a  pulse  bias  technique  leading  to  the  generation  of  an  825  V  pulse  with  1.4  ps  rise  time 
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and  duration  of  4  ps.  This  represents  the  highest  voltage  ever  obtained  in  the  single¬ 
picosecond  time  scale.  This  new  capability  to  produce  ultrashon  high  peak  power  pulses  could 
be  of  interest  for  applications  in  fields  such  as  millimeter- wave  non  linear  spectroscopy,  radar 
signal  generation,  source  for  linear  accelerator  of  particles  and  ultrafast  instrumentation.  Future 
work  will  include  spectroscopic  studies  to  determine  the  carrier  dynamics  and  populations 
during  the  switching  process. 
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ABSTRACT 

We  report  on  the  development  of  a  new,  integrahle  photoconductive-type 
detector  based  on  low-temperature-grown  GaAs.  The  detector  has  a  response 
time  of  1.2  ps  and  a  3-dB  bandwidth  of 375  GHz.  The  responsivity  is  0.1  A/W. 

This  is  the  fastest  photodetector  reported  to  date.  We  discuss  the  unique 
properties  of  this  device,  including  its  performance  as  functions  of  both  light 
inteni  Hy  and  bias  voltage. 

INTRODUCTION 

Much  progfress  has  been  made  over  the  past  several  years  in  the 
development  of  high-speed  photodiode  detectors.  A  detection  bandwidth  of  105 
GHz  together  with  a  responsivity  of  0.1  A/W  have  been  reported  for  a  metal- 
semiconductor-metal  (MSM)  photodiode.[lj  The  most  common  approach  to 
increasing  the  bandwidth  in  MSM  photodiodes  (at  least  up  to  100  GHz)  is  to 
shorten  the  carrier  transit  time  by  reducing  the  electrode  spacing.  However, 
achievement  of  bandwidths  >  100  GHz  requires  more  than  simply  reducing 
further  the  electrode  spacing.  Monte  Carlo  simulation  of  the  intrinsic  response 
for  a  photodiode  with  0.1-pm  electrode  spacing,  for  example,  sho’vs  a  response 
tail  persisting  for  picoseconds  and  having  an  integrated  energy  comparable  to 
the  main  signal. [2,3]  This  tail  is  caused  by  the  long  transit  time  of  the 
photogenerated  holes,  which  is  almost  10  times  that  of  electrons. 

The  response  times  of  photoconductive  detectors,  on  the  other  hand,  can 
be  quite  fast  because  they  are  determined  solely  by  th'  'airier  lifetime  of  the 
material  that  is  used.  Recently,  low-temperature-gro  w  n  GaAs  (LT  GaAs)  has 
been  applied  to  ultrafast  [4]  and  high-power  [5]  optical  switching.  The 
subpicosecond  carrier  lifetime,[6j  high  mobility  (>  200  cm^/V-s),  and  high 
breakdown  field  strength  (>100  kV/cm)  of  LT  GaAs  make  this  material  ideal  for 
electrical  pulse  generation  and  gating.  Such  applications  have  so  far  required 
use  of  moderate-to-high  peak  optical  powers  since  the  switching  efficiency, 
defined  as  the  ratio  of  electrical  output  power  to  optical  input  power,  is  still  <  1%. 
However,  as  we  have  found,  the  switching  efficiency  tends  to  be  influenced  more 
by  the  electrode  dimensions  than  by  the  intrinsic  characteristics  o'"  the  material. 

We  now  report  a  LT  GaAs-based  photoconductive  detector  that  takes 
advantage  of  the  high  breakdown  field  capability  of  LT  GaAs  to  greatly  improve 
sensitivity.  In  a  photodiode,  a  reduction  in  electrode  spacing  improves  speed 
with  little  change  in  sensitivity.  In  a  photoconductive  detector,  by  contrast,  such 
a  reduction  increases  the  sensitivity  with  little  change  in  speed.  D,  creasing  the 
carrier  transit  time  across  the  semiconductor  gap  to  a  value  com,  arable  to  the 
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carrier  lifetime  increases  the  photocurrent  gain  to  a  value  of  unity. [7 J  For  a 
carrier  lifetime  of  1  ps,  this  condition  is  met  when  the  electrode  spacing,  i.e.,  the 
actual  gap  between  electrodes,  is  0.1  p.m.  A  further  decrease  in  the  electrode 
spacing  could  increase  the  photoconductive  gain  to  an  even  higher  value, 
provided  the  metal-semiconductor  contacts  are  ohmic.  With  unity  gain,  the 
responsivity  of  a  LT  GaAs  photoconductive  detector  becomes  comparable  to  that 
of  a  photodiode,  while  its  speed  is  still  dominated  by  the  (sub)picosecond  intrinsic 
carrier  lifetime. 

EXPERIMENT 

To  demonstrate  this  principle,  we  fabricated  a  LT  GaAs  photoconductive 
detector  with  interdigitated  electrodes  having  finger  widths  and  spacings  of  0.2 
pm,  as  shown  in  Fig.  1.  A  1.5-pm-thick  LT  GaAs  layer  was  grown  on  a  (100) 
semi-insulating  GaAs  substrate  that  has  a  0.4-pm-thick  conventionally  grown 
undoped  buffer  layer.  The  LT  GaAs  layer  growth  was  performed  using 
molecular  beam  epitaxy  at  a  substrate  temperature  of  190  °C,  followed  by 
annealing  at  600  °C  for  10  min  in  an  arsenic  overpressure.  The  interdigitated 
electrodes  were  fabricated  of  300-A/2000-A  Ti/Au  using  a  JEOL  JBX  5DIIF 
direct-write  electron-beam  lithography  system.  The  active  area  of  the  detector  is 
6.5  X  7.6  pm2.  Coplanar  transmission  line  electrodes  of  500-A/2500-A  Ti/Au, 
with  20-pm  widths  and  spacings  and  5-mm  lengths,  were  also  fabricated  on  the 
LT  GaAs  using  conventional  optical  lithography.  For  comparative  purposes, 
similar  structures  were  also  fabricated  with  1.0  pm  finger  spacings  and  width. 

Referring  to  Fig.  1,  the  LT  GaAs  photoconductive  detector  was  placed 
between  coplanar  transmission  lines  (Zq  =  90  £i)  to  assure  good  coupling  of  the 
generated  electrical  pulse  to  the  propagating  mode  and  also  to  eliminate 
parasitic  losses.  The  detector  was  not  antireflection  (AR)  coated  in  this  initial 
work.  A  reference  transmission  line  of  identical  dimensions,  but  without  the 
interdigitated-electrode  detector,  was  also  fabricated  on  the  wafer  to  determine 
the  system  response.  The  technique  of  sliding-contact  switching,  which 
provides  the  excitation  between  the  lines  without  the  interdigitated-electrode 
detector,  can  have  a  response  <  0.5  ps.[8]  The  photoconductive  detector  was 
characterized  using  the  technique  of  external  electrooptic  (EO)  sampling  [6].  A 
balanced,  colliding-pulse,  mode-locked  dye  laser  operating  at  610  nm  with  a 
repetition  rate  of  100  MHz  was  used,  which  produces  150-fs  pump  and  probe 
pidses.  The  electrical  signal  was  measured  on  the  transmission  line  at  a 
distance  of  450  pm  from  the  detector.  Although  not  shown  in  the  figure,  the  EO 
sampling  crystal  spanned  both  the  detector/transmission-line  assembly  and  the 
reference  transmission  line,  so  that  the  translation  of  the  pump  and  probe 
beams  required  to  make  either  measurement  was  only  -  200  pm. 

RESULTS  AND  DISCUSSIONS 

A  bias  of  10  V  dc  was  applied  to  the  detector  before  breakdown  occurred, 
corresponding  to  a  breakdown  field  strength  of  500  kV/cm.  This  value  is  more 
than  twice  the  highest  that  has  been  reported  for  LT  GaAs  under  dc-bias 
conditions,  which  was  obtained  using  20-pm-spaced  electrodes. [9J  Our  result 
represents  a  better  measurement  of  the  actual  breakdown  field  strength  for  LT 
GaAs,  since  our  0.2-pm  electrode  spacing  confines  the  electric  field  to  the  1.5- 
pm-thick  LT  GaAs  epilayer.  The  dark  current  for  1  V  applied  to  the  detector  is 
100  pA.  At  8  V  (400  kV/cm),  where  we  chose  to  operate,  the  dark  current 
increased  to  300  nA.  For  an  average  optical  power  of  4  pW,  the  responsivity  is 
0.1  A/W.  Past  work  using  20-pm-8paced  electrodes  on  LT  GaAs  attained  a 
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Figure  1.  Photoconductive-type  detector  based  on  low-temperature-grown 
GaAs.  The  width  and  spacing  of  the  interdigitated  electrodes  are  0.2  pm.  The 
detector  is  fabricated  across  20-pm  width/spacing  coplanar  striplines  to 
minimize  parasitic  effects. 


230 


responsivity  of  only  10'3  A/W.[9]  The  100-fold  reduction  in  gap  dimension 
therefore  improves  the  responsivity  100  fold.  The  value  of  0.1  A/W  is  comparable 
to  that  for  the  responsivity  of  high-speed  photodiodes.  The  reflective  losses  at  the 
surface  from  the  interdigitated  electrodes  and  the  semiconductor  amounted  to 
70%  of  the  incident  signal,  for  an  internal  quantum  efficiency  of  68%. 

The  intrinsic  material  response  time  for  the  LT  GaAs  sample  has  been 
measured  previously  using  an  all-optical  pump-probe  technique  [10]  and  found 
to  be  0.6  ps.  We  calculate  the  capacitance  [11]  of  our  structure  to  be  4  fF,  for  an 
RC-limited  response  time  of  360  fs.  Fig.  2a  shows  the  measured  responses  for 
the  detector/transmission-line  assembly  and  the  sliding-contact  switch  on  the 
reference  transmission  line.  Both  measurements  were  obtained  450  |im  from 
the  point  of  signal  generation.  The  optical  pulse  energy  on  the  detector  is  0.04  pj 
(4-(iW  average  power). 

The  full-width-at-half-maximum  of  the  detector  response  is  1.2  ps  with  no 
evidence  of  a  tail.  In  fact,  the  trailing  edge,  with  a  10-90%  fall  time  of  0.8  ps,  is 
faster  than  the  leading  edge.  We  note  a  similar  shape  of  the  response  for  the 
sliding-contact  switch  on  the  reference  transmission  line.  This  is  indicative  of 
modal  dispersion  from  quasi-TEM  propagation  along  a  transmission  line 
having  a  substrate  and  superstrata  with  different  permittivities.[12]  Since  the 
measured  results  are  a  convolution  of  the  LT  GaAs  intrinsic  response  time  and 
such  system-related  factors  as  the  RC  time  constant,  laser  pulse  width,  and 
electrooptic  material  response,  the  intrinsic  response  time  for  the  interdigitated- 
electrode  detector  may  in  fact  be  subpicosecond.  The  -3-dB  point  for  both  signals 
occurs  at  375  GHz,  measured  by  taking  their  discrete  Fourier  transforms.  A  set 
of  waveforms  for  several  values  of  pulse  energy  is  shown  in  Fig.  2b.  The  four 
signals  have  peak  amplitudes  of  0.06 , 0.6 , 3.5  ,  and  6  V  generated  using  0.04, 
0.83,  8.3,  and  22  pJ/pulse  respectively.  A  pulse  energy  of  22  pJ  corresponds  to  an 


Figure  2.  (a)  Temporal  response  of  the  photoconductive  detector  and  sliding- 
contact  switch  measured  450  pm  from  the  point  of  signal  generation.  The  -3-dB 
point  for  both  signals  occurs  at  375  GHz.  (b)  Set  of  four  traces  corresponding  to 
peak  signal  amplitudes  of  0.06,  0.6,  3.5,  and  6  V  generated  using  0.04,  0.83,  8.3, 
and  22  pj/pulse  respectively. 
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on-state  resistance  of  30  n.  We  see  that  a  nearly  500-fold  increase  in  intensity 
expands  the  response  only  slightly  from  1.2  to  1.5  ps.  Under  similar 
experimental  conditions,  a  high-speed  photodiode  would  suffer  significant 
temporal  broadening  from  space  charge  [13]  and  from  low-frequency  gain  by 
photoinduced  band  bending.[14]  Thus,  the  LT  GaAs  photoconductive  detector 
avoids  the  usual  restriction  of  photodiodes  to  pulse  energies  below  0.1  pJ. 

In  Pig.  3a  we  show  the  electric-field  dependence  for  the  0.2  pm  detector. 
Measurements  were  made  with  electric  field  strengths  of  25  V/pm,  15  V/pm, 
and  5  V/pm.  We  see  that  there  is  tittle  change  in  the  pulse  width,  and  in 
particular,  the  decay  time  with  electric  field.  A  similar  measurement  was 
carried  out  for  the  1.0  pm  detector,  as  shown  in  Fig.  3b.  Here,  we  see  a 
noticeable  increase  in  decay  time  with  an  electric  field  as  low  as  10  V/pm.  One 
possible  explanation  for  the  gap  dependance  on  decay  time  involves  the  process 
of  impact  ionization.[15]  When  the  electric  field  exceeds  a  certain  value, 
photoinduced  carriers  can  accelerate  to  an  energy  large  enough  to  ionize 
additional  carriers.  The  occurrence  of  impact  ionization  will  increase  the  decay 
time.  The  rate  of  ionization  is  dependent  on  both  the  electric  field  and  electrode 
spacing.  The  field  in  both  structures  is  well  above  the  threshold  value  for  impact 
ionization.  However,  the  much  shorter  electrode  spacing,  in  the  case  of  the  0.2 
pm  structure,  prevents  the  process  from  fully  developing. 


Time  [ps] 


Figure  3.  The  LT-GaAs  photoconductive  response  as  a  function  of  electric  field, 
(a)  with  electrode  width  and  spacing  of  0.2  pm,  (b)  with  electrode  width  and 
spacing  of  1.0  pm. 


In  conclusion,  we  have  developed  a  new  MSM-type  photoconductive 
detector,  based  on  low-temperature-grown  GaAs,  fabricated  using  0.2-pm- 
spaced  interdigitated  electrodes.  The  response  time  measured  directly  by  EO 
sampling,  i.e.,  without  deconvolution,  is  1.2  ps.  With  no  AR  coating  on  the 
detector,  the  responsivity  is  0.1  A/W.  To  our  knowledge,  this  is  the  fastest  high- 
sensitivity  photoconductive  detector  of  any  kind  reported  to  date.  In  addition,  it 
can  be  driven  to  an  on-state  resistance  of  30  fl  with  little  degradation  in  speed. 
This  versatility  permits  the  device  to  function  both  as  a  detector  and  a  switch.  In 
the  switching  mode,  the  device  can  perform  either  as  a  high-contrast  gate  with  a 


232 


picosecond  gate  window  or  as  an  efficient  single-picosecond  electrical-pulse 
generator.  Such  unique  dual  functionality  together  with  ease  of  integration  will 
permit  a  number  of  detector  elements  to  he  combined  for  acquiring  and 
processing  picosecond  optical  and  electrical  events  with  high  efficiency  and 
minimal  temporal  distortion. 
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ABSTRACT 


Metal-Semiconductor-Metal  (MSM)  photodiodes  fabricated  from  low  temperature  (LT) 
grown  GaAs  by  molecular  beam  epitaxy  have  been  characterized  for  wavelengths  extending  out 
to  l,5p,m.  External  quantum  efficiencies  on  the  order  of  0.5  %  have  been  measured  for  sub- 
bandgap  wavelengths,  which  translates  to  infernal  quantum  efficiencies  of  2-4  %  for  the 
interdigitated  electrode  structure  with  1pm  finger  spacing  and  width.  Although  the  effective 
lifetime  of  the  LT-GaAs  has  been  determined  to  be  <lps,  an  MSM  photodiiie  response  of 
-lOps  full  width  at  half  maximum  was  measured  by  correlation  techniques  at  820  nm 
wavelength,  and  a  system  limited  response  of  3GHz  was  measured  at  1.3  pm  wavelength. 
These  experimental  results  will  be  described  in  detail. 


INTRODUCTION 


GaAs  grown  by  MBE  at  low  substrate  temperatures  (LT-GaAs)  has  previously 
demonstrated  photoconductive  devices  having  subpicosecond  response  times  measured  by 
electro-optic  sampling  1 1 1  or  detection  of  femtosecond  pulses  of  terahertz  radiation  [2).  It  has 
been  determined  that  the  predominant  defects  which  provides  for  fast  capture  of  photogenerated 
carriers  are  arsenic  precipitates  which  form  as  a  result  of  diffusion  by  the  excess  arsenic  in  the 
epitaxial  layer  during  thermal  annealing  at  temperatures  ranging  from  ~580°-850°  C.  Depending 
on  the  particular  growth  conditions,  anneal  temperature  and  time,  the  precipitates  will  have 
diameters  and  spacings  ranging  from  2-50  nm  (31.  The  GaAs  between  the  As  precipitates  is 
unstrained  and  has  high  crystalline  quality.  It  is  believed  that  these  precipitates  ate  metallic  in 
nature  contacting  the  GaAs  crystal  lattice  as  a  Schottky  barrier  [4],  although  alternative  models 
based  on  deep  level  trapping  states  cannot  be  ruled  out.  As  a  result  of  the  large  concentration  of 
efficient  capture  centers  for  photogenerated  charge  in  the  LT-GaAs,  it  provides  an  excellent 
material  for  picosecond  photodetectors.  More  recently,  interdigitated  MSM  photodetectors 
having  2000A  finger  spacing  and  widths  fabricated  on  LT-GaAs  have  been  reported  (51, 
providing  the  best  responsivity-bandwidth  performance  to  date.  It  has  also  been  observed  that 
LT-GaAs  exhibits  measurable  absorbance  in  the  sub-bandgap  wavelength  regime,  and  reports 
of  photodelecior  performance  at  1.3  )ire  wavelengths  have  recently  been  presented  (6]. 
Although  the  responsivity  of  LT-GaAs  photodetectors  at  wavelengths  beyond  1  pm  is  nowhere 
near  comparable  to  that  of  above  bandgap  wavelengths,  these  results  provide  some  interest  in 
that  a  GaAs  based  photodetector  for  long  wavelengths  would  enable  the  integration  of  high 
performance  GaAs  signal  processing  circuitry.  The  objective  is  to  optimize  the  LT-GaAs 
photodetector  performance  at  long  wavelengths. 


LT-GaAs  MSM  PHOTODIODE  FABRICATION 


Metal-semiconductor-metal  (MSM)  photodiodes  have  been  fabricated  on  LT-GaAs 
epitaxial  layers.  The  material  was  grown  by  MBE  at  a  "calibrated"  substrate  temperature  of  190° 
C  using  an  Asa  source  with  a  Group  V  to  III  beam  equivalent  pressure  ratio  of  -12.  The  layer 
was  grown  at  a  nominal  growth  rate  of  0.8-0.9  pm/hr  to  a  thickness  of  2  pm.  The  post  growth 
anneal  consisted  of  a  620°  C  thermal  cycle  for  20  minutes.  The  resulting  LT-GaAs  had  a  high 
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density  of  arsenic  precipitates  (-3.5x10'*  cm  *)  with  diameters  on  the  order  of  90  A  and 
spacings  of  approximately  200  A.  The  GaAs  between  the  precipitates  is  unstrained  and  of 
extremely  high  quality  as  observed  by  Transmission  Electron  Microscopy  (TEM).  Interdigitated 
fingers  for  the  MSM  strucmre  having  1  pm  width  and  spacing,  and  50  pm  lengths  were  defined 
by  photolithography.  Subsequent  metal  deposition  consisted  of  Ti/Pt/Au  (300A/3(X)A/I000A) 
after  which  the  photoresist  was  lifted  off  by  acetone  to  complete  the  process.  MSM  photodiodes 
were  fabricated  in  correlation  circuits  as  illustrated  in  Figure  1  in  order  to  measure  the  transient 
response  on-chip  before  before  being  distorted  by  the  transmission  line  structure,  bond  wires, 
and  external  contacts.  This  enables  temporal  resolution  on  the  order  of  1  ps.  The  1-V 
characteristics  of  the  MSM  photodiode  is  shown  in  Figure  2,  demonstrating  dark  leakage 
current  in  the  10'^  A  range  up  to  several  volts  bias. 


Figure  1:  LT-GaAs  Metal -Semiconductor- Metal  photodiode  structure  and  correlation  circuit. 


Figure  2:  Dark  I-V  characteristcs  of  LT-GaAs  MSM  photodiode  with  1  pm  finger  spacings. 


EXPERIMENTAL  RESULTS 


The  room  temperature  spectra!  response  of  the  LT-GaAs  MSM  photodiodes  de.scribed 
above  was  measured  over  the  0.8  to  1 .5  pm  wavelength  range  using  a  calibrated  spectrometer 
source.  The  external  quantum  efficiency  as  a  function  of  wavelength  is  illustrated  in  Figure  3. 
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From  these  results,  external  quantum  efficiencies  on  the  order  of  0.5%  were  observed  for 
wavelengths  from  1.0  to  1.5  |im,  where  it  begins  to  roll  off.  Since  the  interdigitated  electrodes 
cover  50%  of  the  detector  area,  and  the  reflectivity  of  the  GaAs  surface  is  approximately  34  %, 
this  corresponds  to  an  internal  quantum  efficiency  of  -2-4  %. 


Figure  3:  Spectral  dependence  of  external  quantum  efficiency  for  LT-GaAs  MSM  photodiode. 

The  temporal  response  of  the  LT-GaAs  MSM  photodiodes  was  measured  by  correlation 
techniques.  The  optical  source  used  here  is  a  synchronously  pumped  dye  laser  which  produces 
70')  femtosecond  full  width  at  half  maximum  (FWHM)  pulses  at  820  nm  wavelength.  The 
photocurrent  response  of  the  MSM  photodiode  to  the  incident  optical  pulse  is  launched  onto  a 
transmission  line  which  is  then  sampled  by  the  second  MSM  photodiode.  By  varying  the 
relative  time  delay  of  the  optical  pulses  between  the  pulsing  and  sampling  photodiodes,  the 
cross-correlation  response  of  the  MSM  photodiode  is  measured,  which  can  be  deconvolved  to 
determine  the  actual  response.  These  results  are  shown  in  Figure  4.  Deconvolving  this  response 
gives  a  pulse  width  of  -10  ps  FWHM.  The  transient  response  of  the  LT-GaAs  MSM 
photodiode  is  probably  limited  by  the  capacitance  of  the  interdigitated  electrode  structure  since 
the  carrier  lifetime  has  independently  been  measured  to  bo  less  than  1  ps  |7|. 


Figure  4:  Cross-correlation  response  of  LT-GaAs  MSM  photodiode. 

The  photocurrent  response  of  LT-GaAs  MSM  photodiodes  was  also  characterized  at 
1.3pm  wavelength.  Photocurrent-voltage  characteristics  with  25  mW  of  1.3  pm  light  are 
illustrated  in  Figure  5.  From  this  the  responsivity  is  determined  to  be  -3  mA/W  for  cw  power. 
The  experimental  setup  shown  in  Figure  6  was  utilized  to  characterize  the  modulated  response  at 
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Figure  5;  Photocurrent-voltage  characteristics  at  1.3  (im  forLT-GaAs  MSM  photodiode. 


Figure  6:  Setup  for  testing  LT-GaAs  MSM  photodiode  modulation  response  at  1. 3pm. 

1 .3  pm.  Lithium  Niobate  Mach  Zender  interferometers  were  utilized  to  modulate  the  cw  optical 
signal.  TTie  output  of  the  MSM  photodiode  was  amplifled  20  dBm  and  displayed  on  a  sampling 
oscilloscope.  Figure  7-a,b  illustrate  the  input  rf  signal  and  modulated  response  of  the  LT-GaAs 
MSM  photodiode  for  this  experiment.  The  response  is  limited  to  3  GHz  by  the  experimental 
setup. 
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CONCLUSION 


LT-GaAs  MSM  photodiodes  with  1  pm  finger  spacing  and  width  have  been  fabricated 
and  tested.  The  measured  photocurrent  spectra  demonstrates  ~2-4%  internal  quantum  efficiency 
over  the  1.0- 1.5  pm  wavelength  regime,  and  a  calibrated  responsivity  of  3  mA/W  at  1.3  pm. 
Although  these  photodiodes  have  demonstrated  high  frequency  response  at  820  nm  and  1.3pm 
wavelengths,  further  improvements  can  be  realized  through  better  electrode  design,  and 
improved  experimental  setup.  This  offers  the  possibility  of  an  entirely  GaAs-based  1.3pm 
reciever  circuit. 
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ABSTRACT 

In  this  work  we  demonstrate  that  phoiopumped  quantum  well 
heterostructure  lasers  w'ith  excellent  optical  quality  can  be  grown  on 
top  of  a  LT  GaAs  buffer  layer  by  molecular  beam  epitaxy.  High 
temperature  thermal  annealing  of  these  lasers  blue-shifts  the  laser 
emission  wavelengths  but  the  presence/absence  of  a  LT  GaAs  layer 
had  little  effect  on  the  overall  laser  thresholds.  Also,  to  first  order  it 
was  not  necessary  to  include  an  .MAs  barrier  layer  to  prevent 
adverse  effects  (as  has  been  necessary  in  the  gate  stack  of  .\lESFETs 
to  prevent  carrier  compensation). 


INTRODUCTION 

Low  temperature  GaAs  (LT  GaAs)  grown  by  molecular  beam 
epitaxy  (MBE)  at  a  low  substrate  temperature  of  200°C  and 
subsequently  in  situ  annealed  at  high  temperatures  (600°C,  for 
example)  has  been  shown  to  be  highly  resistive  and  optically 
inactive.  These  properties  are  attributed  to  a  combination  of  excess 
arsenic  and  a  large  quantity  of  antisite  defects  (1,21,  Despite  its 
seemingly  undesirable  electrical  and  optical  properties.  LT  Ga.As  has 
been  used  in  GaAs  .MESFETs  13,4),  GaAs  based  HEMTs  |.5). 
photodetectors  [61  and  optical  switches  (71.  When  LT  GaAs  is  used  as 
an  insulator  under  the  gate  or  as  a  buffer  layer  in  MESFET  structures, 
some  adverse  effects  associated  with  the  subsequent  high 
temperature  in  situ  anneal  occur  (8|.  A  thin  .AlAs  layer  has  been 
shown  to  prevent  these  adverse  effects  by  preventing  the 
outdiffusion  of  excess  arsenic  related  defects  in  the  LT  GaAs  1S|. 


EXPERIMENTAL 

The  separate  confinement  single  quantum  well  heicrostructurcs 
(.SC.SQWH)  used  in  this  study  were  grown  by  .MBE  (Varian  .^60)  on 
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undopcd  senu-insulai.ni!  (100)  oriented  OaAs  substrates.  1  be 
SCSQWIIs  were  yrowii  by  first  ilepositini:  bulfer  layerls)  and  :beii  an 
■Mii.aO  an  oAs-.'M  ).2<^a;i  V  As-GaAs  separate  eonliiiemen-  heterostrueture 
as  shown  in  Figure  I.  Two  sets  oi  samples  were  prepared  to:  1) 
compare  a  regular  GaAs  bulYer  to  a  LI  GaAs  butter,  and;  2/  to 
compare  regular  GaAs  to  LT  Ga.\s  both  with  a  200.4  .4i.\s  layer.  The 
LT  GaAs  layer  was  grown  at  200'^C  and  in  situ  annealed  at  .'yO'^C  for 
10  minutes  under  arsenic  overpressure  prior  to  deposition  of  the 
subsec|uent  layers. 


O.ei'.m  Ab4Ga.-'5As 

esex 

500 A  AL.GaceAs 

'386'C 

GaAs  QW 

500A  AkjGaoeAs 

686X 

0.61.1m  Alc4Gao6As 

eae-’C 

Buffer  Layer 

Substrate 

0.2gm  GaAs 
590"C 


0,2iim  LT  GdAs 
530"C 


f  200A  AlAs  640^C 


0.2gm  GaAs 

sgo^c 


r  200A  AlAs  640-C 

\  0.2gm  LT  GaAs 
590=G 


I'igurc  1:  Schematic  cross  section  of  the  SCSQWH  laser  samples  with 
four  different  buffer  layers  grown  by  .VIBE. 


Post  growth  annealing  was  done  in  sealed  quartz  ampoules 
evacuated  to  10'^  Torr  with  sufficient  arsenic  (5mg)  to  provide  an 
arsenic  overpressure  of  approximately  O.I  atmosphere  in  the  range 
from  650-900°C.  Laser  samples  were  prepared  by  selectively 
removing  the  substrate  from  the  epilayers,  cleaving  the  remaining 
film  into  rectangular  platelets  20-100  pm  in  width,  and  pressing  the 
platelets  into  indium  under  a  sapphire  window.  Photoexcitation  was 
achieved  by  focusing  light  from  a  cavity-dumped  argon-ion  laser  (  X 
=  51454,  8ns  pulses  at  3.8.Vlllz).  Luminescence  from  the  samples 


241 


was  coilei-ied  and  analyzed  using  a  0.5-ni  spectrometer  and  S-i 
phiuomuitiplier. 


RKSLLTS  AND  DISCLSSION 

'I'lie  ohjecttve  of  this  work  was  to  determine  if  laser  nuality 
AlGaAs-GaAs  could  be  grown  on  top  of  LT  GaAs.  and  if  so.  would  tiie 
outdiffusion  of  arsenic  related  point  defects  froi.'  the  LT  GaAs  have 
an  adveise  impact  on  the  lasers.  Laser  spectra  (77Ki  from  the 
samples  without  the  Al.As  barrier  layer  are  shown  in  L'igure  2.  Note 


i700  3300  7900  7500  7100  '700 


WAVELENGTH  (A) 


Figure  2:  Stimulated  emission 
spectra  from  SCSQWII  laser 
samples  prepared  as  cleaved 
platelets.  Spectrum  (a)  from 
the  sample  with  a  regular 
GaAs  buffer  layer;  (h)  with  a 
LT  Ga.As  buffer  layer;  and  (c) 
from  the  post-growth 
annealed  (900°C.  3  hrs.) 

sample  with  a  LI  GaAs  buffer 
layer. 


that  the  GaAs  control  sample,  the  LT  GaAs  sample  and  the  annealed 
(900°C,  3  hours)  LT  GaAs  sample  all  operated  as  photopumped  lasers. 
The  photopumped  power  densities  are  high  compared  to  current 
injection  lasers  because  of  the  short  cavity  length  of  the  platelets 
(iO-.'iOpm)  compared  to  laser  diodes  (2.‘i()-500pm).  Also,  the  powxr 
densities  given  in  the  figures  correspond  to  the  e.xperimental 
conditions  not  the  laser  threshold  densities.  Laser  spectra  from  the 
samples  with  the  AlAs  layer  are  shown  in  Figure  3.  .Again,  laser 
operation  was  achieved  for  all  three  experimental  conditions.  Laser 
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tliresholds  vary  ironi  one  platelet  to  another  (due  to  cavity  ell'ects 
and  nonunit’orni  pumpin';)  but  on  average  there  was  little  dil'l'erence 
in  pert'ormance  regardless  ol  the  buffer  layer  or  inclusion  of  an  AlAs 
layer.  This  indicates  that  it  should  be  possible  to  fabricate  high 
ijuality  injection  lasers  on  top  ot  LT  GaAs. 


Figure  3:  Stimulated  emission 
spectra  from  SCSOVVFI  laser 
samples  prepared  as  cleaved 
platelets.  Spectrum  la)  from 
the  sample  with  a  regular 
Ga.As/AIAs  buffer  layer;  (b) 
with  a  l.T  GaAs/AlAs  buffer 
layer;  and;  (c)  from  the  post- 
growth  annealed  (90()“C.  3 

hrs.)  sample  with  a  LT 
GaAs/Al.As  buffer  layer. 

8700  3300  7900  7500  7100  6700 
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One  measurable  difference  between  the  Ga.As  and  LT  Ga.As  buffer 
layer  samples  was  the  degree  to  which  the  p'-st-growth  annealed 
sample  emission  was  blue  shifted.  The  blue  shift  is  due  to  the 
intermixing  of  the  AlGaAs-GaAs  ijuantum  well  interface  [9]  and  the 
Al-Ga  interdiffusio'i  coefficient  cat;  be  determined  based  on  the  shift 
of  the  quantum  w'cll  luminescence  |I0|.  The  samples  were  annealed 
in  sealed  ampoules  under  arsenic  overpressure  for  4  hours  at 
temperatures  ranging  from  650-923^0.  Photoluminescence  spectra 
from  all  of  the  samples  had  comparable  intensities  and  full  widths  at 
half  maximum.  There  was  very  little  blue  shift  for  samples  annealed 
for  four  hours  in  the  lenipcraturc  range  from  f).‘i0°C  to  S(H)°C.  This 
indicates  that  the  excess  arsenic  related  defects  are  either  stable  in 
this  temperature  range  or  did  not  reach  the  quantum  well  in 
sufficient  numbers  to  enhance  intermixing.  However,  at  the 

samples  with  LT  GaAs  buffer  layers  (witn  or  without  AlAs)  exhibited 
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^ubsiaiuially  iiRrcasL’d  mtermlxinc.  The  Al-Cja  interciit'fusion 
coelficient  lor  a  GaAs  quantum  well  on  lop  of  different  buffer  layers 
!  I  I  I  is  shown  in  l  igure  4.  The  additional  solid  points  are  the 
interdiffusion  coefficients  for  the  laser  samples  in  this  study.  Note  in 
all  cases  that  the  LT  GaAs  buffer  layer  enhances  the  solid  state 
intcrmi.sing  of  the  Ga.As  quantum  well  with  the  .AlGaAs  confining 
layers.  The  absence  of  additional  data  points  at  hiithcr  temperatures 
is  because  the  intermixing  ot  the  Q\V  with  the  .Mo.^Gao.sAs  confining 
lasers  can  not  be  distinguished  from  the  intermixing  caused  by  the 
Al(i  jGan  (,As  cladding  layers  (at  higher  temperatures). 
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Figure  4.  Plot  of  the  interdiffusion  coefficient  of  the  Al-Ga  atoms 
under  As  overpressure  as  a  function  of  I/kT.  The  open  data  points 
are  from  reference  lll|.  The  solid  points  correspond  to  the  SCSQWH 
samples  with  different  buffer  layers  as  shown  in  I'igure  1. 


CONCLL’StONS 

Laser  quality  .MGa As-GaAs  quantum  wells  can  be  grown  on  lop  of 
a  LT  GaAs  buffer  layer.  Post  growth  annealing  blue  shifts  the 
quantum  well  luminescence  energy  more  rapidly  in  samples  with  a 
LT  (iaAs  buffer  layer.  The  accelerated  intermixing  is  attributed  to  Ga 
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vacancies  associated  with  the  excess  arsenic  in  the  LT  GaAs.  The 
inclusion  of  a  200A  thick  AlAs  barrier  layer  did  not  impact  the  laser 
pertormance  or  intermixing  of  the  ouantum  wells.  Laser  operation 
was  observed  from  all  the  as-grown  and  annealed  samples.  The 

prospect  of  using  LT  GaAs  as  an  isolation  layer  for  electrical  and 
ontical  devices  in  integrated  optoelectronic  circuits  is  c|uite 
promising. 
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ABSTRACT 

We  report  on  the  characterization  of  Low  Temperature  (LT)  epitaxial  growth  of 
GaAs  photoconductors.  Samples  were  characterized  using  electro-optic  sampling, 
transient  femtosecond  reflectivity,  transmission  electron  microscopy,  and  pulsed 
terahertz  spectroscopy  as  a  function  of  growth  temperature,  AS4  flux,  doping  and 
anneal  conditions.  We  find  the  strongest  effect  on  pulsewidfh  to  be  the  temperature 
of  an  ex-situ  rapid  thermal  anneal.  In  addition  we  find  evidence  of  a  temperature 
threshold  for  As  precipitation.  For  more  than  an  order  of  magnitude  change  in  As 
precipitate  density  we  find  no  corresponding  change  in  electrical  pulsewidth. 
Doping  to  ]0l^/cm3  also  produces  no  change  in  the  measured  electrical  response. 


INTRODUCTION 

Short  carrier  lifetime  semiconductors  are  an  important  component  of  an 
ultrafast  electrical  characterization  system.  Intrinsic  GaAs,  when  used  in 
conjunction  with  a  fast,  sub  hundred  femtosecond  FWHM  (Full  Width  at  Half 
Maximum)  laser  pulse,  produces  carrier  populations  with  subpicosecond  rise  times, 
but  hundred  picosecond  fall  times.  Usually,  a  transmission  line  structure  is  formed 
by  metal  electrodes  with  some  sort  of  gap  forming  the  switch,  with  one  side  biased, 
and  the  other  acting  as  the  output  line.  This  structure,  when  illuminated  by  a  short 
optical  pulse  transforms  the  optical  pulse  into  an  electrical  pulse.  The  electrical 
pulse  is  limited,  in  general,  not  by  the  optical  pulse,  but  by  the  carrier  population 
which  produces  the  electrical  transient. 

The  long  fall  time  associated  with  intrinsic  GaAs  can  introduce  complicated 
electrical  reflections.  Ideally,  one  would  wish  for  a  delta  function,  large  in 
amplitude,  and  with  vanishing  temporal  width,  so  that  spectral  analysis  would  be 
clean  and  simple,  and  a  device  integrable  with  other  active  and  passive  components. 
While  damaged  Si  on  Sapphire  (SOS)  provides  pulses  with  very  narrow  temporal 
width,  satisfying  the  first  requirement,  their  amplitude  is  very  small,  typically  only  a 
few  mV.  In  addition  SOS  devices  are  not  easily  integrable  with  GaAs  devices. 

The  first  LT  grown  GaAs  photoconductors  [11  produced  pulses  about  1.5  ps 
FWHM,  but  it  was  clear  that  this  technology  offered  the  possibility  of  both  large 
amplitude,  and  short  pulsewidth  in  an  integrable  technology. 

In  this  paper  we  present  the  first  in  depth  study  of  LT  GaAs  photoconductors. 
While  short  pulsewidths  have  been  realized  [2),  there  has  been  no  systematic  study 
of  pulsewidth  with  respect  the  myriad  of  variables  involved  in  the  MBE  growth  and 
subsequent  annealing  processes. 


GROWTH 

Sample  histories,  as  well  as  a  summary  of  some  of  the  characterization  results 
are  shown  in  Table  1.  Growth  was  carried  out  in  a  UHV  MBE  chamber  with  a  base 
pressure  of  <10'"  Torr  and  a  peak  pressure  during  deposition  of  <10"'®  Torr.  The 
sources  were  elemental  Ga  and  (uncracked)  As  Knudsen  cells,  and  growth  rates  were 
typically  in  the  region  of  l-4As‘L  Clean  GaAs  surfaces  were  prepared  by  growth  of 
500A-Ipm  of  GaAs  at  high  temperature  (500-600‘’C)  on  nominally  (lOf))  substrates 
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following  a  standard  cleaning  procedure.  The  substrate  was  then  cooled  to  the 
desired  low  temperature  and  allowed  to  reach  equilibrium  prior  to  deposition  of  a 
thick  (typically  0.5pm)  LT  GaAs  layer.  Substrate  temperatures  were  measured  using 
optical  pyrometry  at  high  temperature  and  a  calibrated  thermocouple  attached  to  the 
substrate  heater  at  temperatures  below  ~5(K)°C.  Thus  although  relative  temperatures 
should  be  accurate  to  within  +5°C  even  for  T<500°C,  the  absolute  values  quoted  in 
this  paper  are  only  reliable  to  within  Two  different  MBE  chambers  were  used 

to  produce  material,  and  both  ultimately  produced  sub-ps  pulsewidths.  Growth 
thicknesses  was  chosen  to  be  less  than  the  epitaxial  thickness,  beyond  which 
amorphous  growth  occurs  [3]. 


Table  I.  Summary  of  LT  GaAs  results 


Sample 

Density 
of  As 
1016/cc 

Volume 

Fraction 

(10-^) 

IrBaWTrail 

Growth 

Temp. 

(“C) 

Anneal 

Temp. 

(°C) 

Anneal 

Time 

(min) 

As4 

Flux 

Doping 

10^7/cc 

91206 

1 

277 

500 

15 

mm 

none 

91207 

1 

287 

500 

15 

Mm 

none 

91208 

1 

287 

500 

15 

am 

1 

91178 

21 

2 

1.35 

307 

600 

15 

2 

none 

91179 

9 

2 

1.05 

307 

600 

15 

2 

none 

91168 

19 

10 

1.25 

287 

600 

5 

1 

none 

91167 

28 

3 

1 

307 

600 

5 

■KB 

none 

91166 

30 

3 

1 

307 

600 

5 

2 

none 

tjniaf 

13 

1 

1.05 

307 

600 

5 

1 

none 

iihrm-i 

16 

20 

0.78 

327 

600 

5 

1 

none 

918911 

120 

10 

0.82 

250 

450 

1 

1 

none 

918911 

1.6 

250 

550 

1 

1 

none 

918911 

1.8 

250 

650 

1 

1 

none 

918911 

3 

250 

600 

15 

1 

none 

TRANSIENT  REFLECTIVITY 

Transient  Reflectivity  (TR)  can  be  a  sensitive  probe  of  the  surface  of  a 
semiconductor,  but  the  reflection  coefficient  involves  the  complex  dielectric 
function  (which  is  determined  by  the  spectral  characteristics  of  the  carrier 
population  over  the  entire  spectrum).  Ordinarily,  fs  white  light  is  used  as  the  probe 
in  pump  probe  measurements  in  order  to  map  the  response  as  a  function  of 
wavelength.  In  this  measurement  both  the  pump  and  probe  are  620  nm  pulses  from 
a  CPM  laser.  This  allowed  measurements  to  be  made  at  the  same  wavelength  as  the 
photoconductive  excitation  used  in  electro-optic  and  THz  spectroscopy 
measurements. 

For  the  measurements  shown  in  Fig.  1,  the  samples  received  a  Rapid  Thermal 
Anneal  (RTA)  (if  used).  The  data  is  presented  as  acquired  (no  normalization). 
Qualitatively  similar  data  for  intrinsic  GaAs  as  a  function  of  wavelength  has  been 
reported  [4].  We  see  that  for  anneals  <450  “C  there  is  no  difference  in  the  TR 
response  (The  unannealed  sample  may  have  different  scaling).  Three  samples  were 
chosen  to  be  fabricated  into  photoconductive  switches;  anneals  at  450,  550,  and 
650  °C.  These  represent  three  different  qualitative  TR  responses:  unannealed-like, 
intermediate,  and  semi-insulating-like  behavior.  We  see  from  the  electro-optic  data 
of  Fig.  2(b)  that  for  these  samples,  the  fastest  response  corresponds  to  the  lowest 
temperature  anneal,  despite  the  fact  that  the  smallest  (and  fastest)  reponse  in  TR 
corresponds  to  a  higher  550°C  anneal. 
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Figure  1.  Transient  reflectivity  620  nm  (pump  and  probe)  result.  Anneals  are  1  min. 


ELECTRO-OPTIC  PULSEWIDTH  MEASUREMENT 

Electrical  characterization  was  performed  using  electro-optic  sampling  [5]  with 
sub-millivolt  sensitivity  [6]  based  on  a  Colliding  Pulse  Mode  locked  (CPM)  laser. 


Figure  2(a).  Electro-optic  sampling  data.  For  AS4  fluxes  varying  by  a  factor  of  two 
there  is  essentially  no  change  in  pulsewidth. 
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Figures  2(a)  and  2(b)  show  the  results  for  some  of  the  growth  conditions  listed  in 
Table  1.  Coplanar  strip  transmission  lines  were  fabricated  with  5  pm  line  widths  and 
spacing.  Electrodes  were  0.2  pm  thick  evaporated  Au.  The  data  are  acquired  using  a 
large  (>1  mm  wide  x  500  pm  thick)  LiTa03  crystal  (in  a  reflection  mode  geometry  at 
620  nm)  to  delay  electrical  reflections  until  later  times  (i.e.  times  later  than  the 
temporal  window  of  interest).  All  curves  have  been  normalized  to  facilitate 
comparisons  of  the  pulsewidth.  In  addition,  the  individual  time  axes  have  been 
adjusted  to  a  common  origin.  In  addition  to  the  data  shown  in  Fig.  2  other  samples 
were  characterized,  the  results  summarized  in  Table  1.  Note  that  the  sample  doped 
to  tO^^/cc  had  the  same  pulsewidth  as  the  samples  grown  without  doping.  The 
450  °C  sample  had  a  small  (-100  pA)  dark  current. 


Figure  2(b).  Electro-optic  sampling  data.  For  RTAs  varying  by  only  50  °C,  there  is  a 
decrease  of  50%  in  pulsewidth  (from  -1.8  to  0.8  ps). 

PULSED  TERAHERTZ  SPECTROSCOPY 

Pulses  of  microwave  (7]  and  millimeter  wave  radiation  [8-1 1]  can  be  generated  using 
visible  short  pulse  lasers.  Detecting  this  radiation  has  so  far  been  limited  by  the 
sampling  gate  used  in  the  receiving  antenna.  Using  a  far-infrared  interferometer,  RF 
pulses  as  short  as  160  fs  FWHM  have  been  detected  {12].  Using  a  10  Hz  amplified 
CPM  laser,  optical  pulses  -0.5  mj  are  produced.  These  pulses  are  used  to  illuminate 
an  InP  <11 1>  wafer  which  produces  an  RF  burst  at  the  specular  reflected  angle.  The 
RF  can  be  focussed  using  off  axis  parabolic  mirrors  to  a  spot  size  of  about  0.5  cm 
corresponding  to  the  lowest  frequencies  in  the  radiated  spectrum. 

Freestanding  wire-grid  polarizers  and  Au  coated  mirrors  are  used  to  form  the 
interferometer.  Detection  is  accomplished  using  a  commercial  liquid  helium  cooled 
bolometer  with  a  composite  Si-on-diamond  element.  This  technique  has  been  used 
to  study  carrier  dynamics  in  intrinsic  GaAs  with  subpicosecond  resolution  [13). 
Figure  3(a).  shows  the  620  nm  pump,  far-infrared  probe  measurements 
corresponding  to  the  electro-optic  results  in  Fig.  2.  The  data  show  little  variation  for 
change  in  AS4  flux  of  a  factor  of  two,  as  is  the  case  for  the  data  of  Fig.  2(a).  In 
addition,  a  long  lived  tail  is  evident  which  does  not  appear  in  the  electro-optic 
measurement.  This  may  be  evidence  of  carrier  localization,  as  the  electro-optic 
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Figure  3(a).  Pump  (620  nm)  and  THz  probe  of  several  LT  GaAs  wafers  grown  with 
different  AS4  fluxes.  Legend  refers  to  flux  times  flux  for  normal  growth  conditions. 


Figure  3(b).  Pump  (620  nm)  and  THz  probe  of  an  LT  GaAs  wafer  for  a  longer  time 
window.  The  THz  and  electro-optic  measurements  are  both  -1.1  ps  FWHM. 


measurement  is  sensitive  only  to  mobile  carriers  while  THz  spectroscopy  measures 
the  total  carrier  population.  However,  the  sample  of  Fig.  3(b).  shows  little  evidence 
of  such  a  tail,  and  there  is  good  agreement  between  the  electro-optic  and  THz 
measurements,  both  about  1.1  ps  FWHM. 
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TRANSMISSION  ELECTRON  MICROSCOPY 

Samples  for  cross-section  transmission  electron  microscopy  (TEM)  were 
prepared  by  mechanically  polishing  to  a  thickness  of  ~80pm  and  then  ion  milling  to 
perforation  at  3-5kV  with  either  argon  or  iodine  at  either  room  temperature  or 
liquid  nitrogen  temperature.  No  specimen  preparation  artifacts  were  observed. 
TEM  was  performed  principally  at  either  120  or  200kV  in  order  to  minimize  electron 
beam  damage.  Measurements  of  As  precipitate  density  and  volume  fraction  of 
precipitates  listed  in  Table  I  were  found  using  TEM.  In  addition,  an  in  situ  anneal 
was  performed  to  investigate  the  pulsewidth  dependence  on  anneal  temperature. 
Measurements  on  wafers  with  no  previous  anneal  history  showed  that  precipitation 
occurred  at  a  particular  temperature  around  500  °C.  Exact  measurement  of  the 
sample  temperature  was  not  possible  due  to  the  geometry  of  the  sample.  Slightly 
longer  or  hotter  anneals  did  not  significantly  alter  the  density  of  precipitates. 


CONCLUSION 

In  this  paper  we  have  presented  several  key  observations  about  the  nature  of 
picosecond  photoconductivity  in  LT  GaAs.  First,  the  annealing  history  of  a  given  LT 
GaAs  switch  in  large  part  determines  its  photoresponse.  Second,  we  have  presented 
evidence  for  a  thermal  activation  temperature  for  short  pulse  photoconductivity. 
This  was  measured  directly,  using  electro-optic  sampling,  and  indirectly  using 
transient  reflectivity,  pulsed  terahertz  spectroscopy  and  transmission  electron 
microscopy.  We  have  also  found  no  change  in  electrical  pulsewidth  corresponding 
to  a  range  of  more  than  an  order  of  magnitude  in  As  precipitate  density  or  for  a 
doping  level  of  10^^/cm3. 
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ABSTRACT 

A  new  structure  is  proposed  and  described  which  can  solve  the  most  se¬ 
vere  drawbacks  of  current  architectures  for  Josephson  FETs.  Its  advantages 
are  discussed,  and  several  realizations  are  suggested. 


INTRODUCTION 

Logic  operation  based  on  the  Josephson  effect  is  very  attractive  because 
of  its  high  speed  and  low  dissipation.  However,  it  is  difficult  to  build  all  logic 
functions  using  only  Josephson  Junctions  (JJ).  For  that  reason,  there  have 
been  numerous  attempts  to  make  transistors  that  utilize  superconductivity 
in  one  way  or  another  so  that  they  can  be  interfaced  with  JJs  and  bring  the 
essential  three  terminal  functions  to  JJ  circuits.  Of  the  many  proposals  (see 
[l][2]for  a  review  of  the  more  classic  ones,  and  [3]for  an  introduction  to 
the  single  flux  quantum  logic  familly)  perhaps  the  most  straightforward  is 
the  JOFET  (Josephson  Field  Effect  Transistor)  [4]. 

In  this  paper,  we  first  introduce  the  JOFET  and  recall  oft  quoted  ar¬ 
guments  [Sjwhich  lead  to  the  conclusion  that  it  has  little  future  as  a  useful 
device.  Secondly,  we  propose  a  sister  design:  the  Superconducting  PER- 
colating  Field  Effect  Transistor  (SUPERFET),  that  has  the  potential  of 
becoming  a  useful  device,  and  we  discuss  several  possible  realizations  of 
the  SUPERFET.  All  the  discussion  could  be  translated  advantageously  in 
terms  of  high  temperature  superconductors  but  we  restrict  ourselves  to  con¬ 
ventional  ones. 

THE  JOFET 

A  JOFET  has  essentially  the  same  design  as  a  normal  FET,  the  only 
difference  being  that  the  source  and  drain  are  made  of  a  superconductor 
(lead  and  niobium  are  frequent  choices).  A  supercurrent  can  then  flow  be¬ 
tween  source  and  drain  (see  Fig.  l.a)  through  the  semiconductor  because 
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of  the  proximity  effect.  Cooper  pairs  leak  from  the  superconductor  into  the 
adjacent  semiconductor  where  they  have  a  finite  lifetime  t  =  h/2xfcBT  [6]. 
These  Cooper  pairs  travel  in  the  semiconductor  at  the  velocity  v  of  quasi¬ 
particle  excitations.  This  velocity  depends  on  the  particular  semiconductor 
used.  One  associates  with  the  lifetime  and  the  velocity,  a  characteristic 
length  ^  for  the  exponential  decay  of  the  number  of  Cooper  pairs,  into  the 
semiconductor  and  away  from  the  superconducting  interface.  One  usually 
discerns  two  cases.  In  the  clean  limit,  the  Cooper  pairs  die  before  they 
collide,  and  the  characteristic  length  is  given  by  =  vt.  In  the  dirty  limit, 
the  Cooper  pairs  experience  many  collisions  before  they  collapse,  and  the 
length  is  =  \/ Dt  where  D  is  the  diffusion  coefficient.  The  transistor  ef¬ 
fect  is  obtained  by  imposing  a  gate  voltage  Vq  which  decreases  or  increases 
the  number  of  electrons  in  the  channel  and  thereby  acts  upon  the  velocity 
V,  and  on  the  decay  length  ^(Vg)  [7]. 

The  maximum  supercurrent  Ic  which  can  flow  from  source  to  drain  is 
given  by 

I,  =  Aexp{-L/^{V,)),  (1) 

where  L  is  the  source  to  drain  distance,  as  shown  on  Fig.  1,  and  /I  is  a 
prefactor  which  represents  essentially  the  boundary  conditions  between  the 
semiconductor  and  the  superconductor.  In  particular.  A  depends  exoonen- 
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Fig.  1:  l.a  JOFET  the  metallic  gate  is  on  an  insulator,  source  and  drain  are 
made  of  a  superconductor,  Cooper  pairs  must  travel  the  distance  L. 
l.b  In  the  SUPERFET  the  Copper  pairs  hop  between  neighbouring 
(average  distance  d)  superconducting  precipitates. 
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tially  on  the  barrier  height.  This  expression  for  the  supercurrent  imposes 
obvious  constraints  on  the  design  of  a  JOFET  :  the  source  to  drain  distance 
should  be  comparable  to  and  the  Schottky  barrier  at  the  super/semi¬ 
conductor  interface  should  be  as  small  as  possible,  otherwise  the  supercur- 
j  rent  will  be  reduced  to  nothing. 

[  Let  us  turn  to  the  characteristics  of  a  JOFET[5].  To  a  first  approxi- 

I  mation,  it  looks  exactly  like  a  conventional  FET  (see  the  characteristic  on 

I  Fig.  2).  In  order  to  see  the  difference,  one  must  zoom  in  on  the  low  voltage 

^  region  of  Fig.  2,  as  shown  in  the  inset.  There,  one  notices  a  supercurrent 

which  depends  on  the  applied  gate  voltage.  It  is  easily  seen  that  the  in¬ 
teresting  mode  of  operation  (i.e.  where  it  is  different  from  a  conventional 
FET)  is  confined  to  a  few  times  A/e  (where  A  is  the  superconducting  gap), 
that  is  to  say  a  few  millivolts.  By  contrast,  the  gate  voltages  required  to 
modulate  the  supercurrent  are  of  the  same  order  as  for  a  conventional  FET, 
i.e.  at  least  lOOmV.  Voltage  gain  seems  to  be  out  of  reach  for  these  devices, 
because  of  two  irreconcilable  goals:  the  need  to  increase  ^  in  order  to  reach 
lithographically  manageable  dimensions,  and  the  need  to  lower  the  doping 
in  order  to  have  small  control  voltages. 

JOFETS  will  continue  to  be  essential  to  confront  the  theoretical  predic¬ 
tions  which  have  been,  so  far,  well  tested  only  in  metals.  The  dependence 
of  ^  on  temperature  is  predicted  to  be  B/T  in  the  clean  limit,  and  B' /'/T 
in  the  dirty  limit.  Both  regimes  have  been  convincingly  observed  with  the 
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right  constant  B  or  B'  in  the  ceise  where  the  non  superconducting  mate¬ 
rial  is  a  normal  metal  (see  e.g.  the  beautiful  experiment  of  Mota  et  al. 
[8]).  However,  the  situation  is  less  clear  in  the  Ccise  of  semiconducting  links. 
The  dependence  of  ^  on  the  number  of  carriers  n  has  been  predicted  to 
be  ^  oc  both  in  the  clean  and  in  the  dirty  limit  [9],  in  the  case  of 

a  degenerate  semiconductor.  These  predictions  lack  strong  experimental 
confirmation  and  need  more  investigation. 

THE  SUPERFET 

The  main  problems  which  plague  the  JOFET  and  essentially  render  it 
hopeless  as  a  useful  device  can  be  cured  simultaneously  if  one  considers  the 
following  new  structure  illustrated  in  figure  l.b.  Superconducting  precipi¬ 
tates  immersed  in  a  thin  film  semiconducting  matrix  can  act  as  the  channel 
of  a  FET  bringing  about  the  following  improvements.  A)  The  distance  be¬ 
tween  the  precipitates  is  now  a  material  parameter  and  can,  hopefully,  be 
varied  at  the  growth  stage.  It  can  therefore  be  made  much  smaller  than 
lithographically  defined  structures.  B)  As  a  consequence,  the  decay  lengths 
in  the  semiconductor  can  be  much  smaller.  This,  in  turn,  opens  the  way 
for  comparatively  lightly  doped  semiconductors  to  be  used  and  reduces  the 
required  gate  voltages.  C)  In  this  configuration,  there  are  N  junctions  in 
series  and  the  characteristic  voltage  is  multiplied  by  N.  Voltage  gain  can 
thus,  in  principle,  be  achieved. 

In  order  to  illustrate  our  proposal,  let  us  discuss  the  relevant  dimensions 
and  material  parameters  required  when  InAs  is  used  as  the  semiconducting 
matrix. 

The  superconducting  precipitates  have  a  mean  diameter  D  which  should 
be  as  small  as  possible  so  as  to  accommodate  many  junctions  in  series  over 
the  gate  length  Lg.  The  lower  limit  on  the  diameter  under  which  small  parti¬ 
cles  cannot  become  superconducting  has  been  evaluated  [10][1 1].  For  lead,  a 
critical  diameter  of  22A  has  been  calculated  for  isolated  particles[l  1].  In  the 
case  of  lead  particles  in  contact  with  a  semiconducting  matrix,  the  proxim¬ 
ity  effect  weakens  superconductivity  and  therefore,  increases  the  minimum 
diameter.  However,  the  lowering  of  the  critical  temperature  is  weaker  for 
a  .semiconductor  than  for  a  normal  metal  and  depends  critically  upon  the 
boundary  conditions.  It  is  reasonable  to  think  that  lead  particles  with  di¬ 
ameters  of  the  order  of  200A  will  be  superconducting  robustly  enough  to 
form  the  channel  of  our  SUPERFET. 
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The  distances  between  particles  should  also  be  as  small  as  possible  with¬ 
out  shorting  the  channel.  In  order  to  give  an  estimate,  one  can  choose 
a  =  500^4.  Ideally,  the  particles  would  be  nucleated  at  the  interface  with 
the  substrate  and  the  thickness  of  the  channel  t  would  be  of  the  same  order 
as  the  inter-particle  distances  t  ss  400^4. 

With  those  numbers,  and  a  gate  length  of  lAfim  one  has  twenty  junc¬ 
tions  in  series  and  the  response  voltage  can  become  V^har  >  20mV.  Now, 
suppose  the  semiconductor  is  n  type  InAs  with  effective  mass  m'  =  0.023me, 
and  doping  level  n  =  lO'^’cm"^,  one  gets  a  clean  limit  coherence  length  of 

ic  =  ih^l2Trm'kT){3w\y^^  «  1000.4,  (2) 


with  n  the  density  of  free  electrons  and  T  =  4.K .  If  the  material  is  in  the 
dirty  limit,  the  coherence  length  would  be  smaller  and  of  order  150.4  which 
is  still  acceptable.  With  such  a  comparatively  low  doped  channel,  the  gate 
voltage  required  to  deplete  the  SUPERFET  is  reduced  accordingly.  The 
depletion  length  W  for  a  gate  voltage  Vg  is  given,  in  the  Ccise  of  a  metal 
insulator  FET,  by. 


[V(Vg)  = 


^SC 

S  — 
^ox 


2V€^ 

s^ene,c 


-1]. 


(3) 


where  s  is  the  thickness  of  the  insulator,  e  the  charge  of  an  electron, 
and  €ox  are  the  dielectric  constants  of  the  semiconductor  and  the  insulator 
respectively.  For  Vg  =  —40mV,  s  —  lOOA,  €,c  =  14.6,  and  toz  =  3,  one  gets 
W  w  450.4,  enough  to  deplete  the  channel.  The  ratio  Icfiar/k’j  >  1/2  is 
closer  to  1.  In  order  to  really  achieve  voltage  gain,  one  should  use  a  lower 
doping  for  the  semiconductor.  However,  this  would  lead  to  the  breakdown 
of  the  simple  picture  that  we  have  used  of  the  semiconductor  as  a  meial  with 
very  few  electrons.  This  low  doping  regime  is  probably  of  great  experimental 
interest  but  has  had  very  little  attention  so  far  because  of  the  difficulties 
inherent  with  its  observation. 

We  would  now  like  to  briefly  discuss  two  materials  among  several  that 
may  be  useful  for  the  SUPERFET. 

A)  Lead  chalcogenides.  The  superconductivity  of  lead  salts  (PbS)  when 
it  is  over  stoichiometric  in  P'o  was  observed  as  far  back  as  1947  [12).  More 
recently.  Indium  doped  Pbi_xSnxTe  films  with  lead  precipitates  have  shown 
an  enhancement  of  the  superconducting  temperature  as  a  function  of  pho- 
toemi.ssion  of  carriers  [13].  It  was  postulated  that  lead  precipitates  in  the 
form  of  small  spherical  inclusions[13].  We  have  carried  out  a  Transmis- 
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sion  Electron  Microscopy  study  of  superconducting  PbSe  [14][15][16),  and 
we  have  observed  well  crystallized  spherical  lead  precipitates  whic  do  not 
disturb  the  crystallinity  of  the  host  PbSe  matrix. 

Work  is  in  progress  on  this  material  which  is  interesting  in  particular 
because  of  its  low  effective  mass  (m*  =  0.045)  and  of  the  fact  that  lead 
precipitates  naturally. 

B)  LT-GaAs.  Low  Temperature  Grown  GaAs  has  recently  been  shown 
to  have  superconducting  inclusions  under  lOK  [17].  However,  so  far,  no 
experiments  have  demonstrated  the  zero  resistance  behavior  expected  when 
the  proximity  effect  is  strong  enough. 

If  LT-GaAs  exhibits  the  proximity  effect  somewhat  cis  lead  salts  do.  it 
will  become  a  favorite  material  for  the  SUPERFET,  because  of  its  industrial 
importance  and  because  of  the  favorable  mateiial  parameters  such  as  a  small 
effective  mass  for  electrons  (m*  =  0.067). 
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THE  USE  OF  LOW  TEMPERATURE  AllnAs  AND  GalnAs  LATTICE 
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ABSTRACT 

AllnAs  and  GalnAs  lattice  matched  to  InP  and  grown  by  MBE  over  a  temperature  range  of 
200  to  350°C  (normal  grow  th  temperature  of  500“C)  has  been  used  to  enhance  the  device 
performance  of  inverted  (where  the  donor  layer  lies  below  the  channel)  High  Electron  Mobility 
Transistors  (HEMTs)  and  Heterojunction  Bipolar  Transistors  (HBTs),  respectively.  We  will  show 
that  an  AllnAs  spacer  grown  over  a  temperature  range  of  300  to  350°C  and  inserted  between  the 
AllnAs  donor  layer  and  GalnAs  channel  significantly  reduces  Si  movement  from  the  donor  layer 
into  the  channel.  This  produces  an  inverted  HEMT  with  a  channel  charge  of  3.0x10'^  cm‘2  and 
mobility  of  9131  cm^A'-s,  as  compared  to  the  same  HEMT  with  a  spacer  grown  at  500  °C  resulting 
in  a  channel  charge  of  2.3xl0'2  cm'^  and  mobility  of  4655  cm^A'-s.  We  will  also  show  that  a 
GalnAs  spacer  grown  over  a  temperature  range  of  300  to  350°C  and  inserted  between  the  AllnAs 
emitter  and  GalnAs  base  of  an  npn  HBT  significantly  reduces  Be  movement  from  the  base  into  the 
emitter,  thereby  allowing  higher  Be  base  dopings  (up  to  IxlO^O  cm'^)  confined  to  500  A  base 
widths,  resulting  in  an  AlInAs/GalnAs  HBT  with  an  fmax  of  73  GHz  and  f|  of  1 10  GHz. 

INTRODUCTION 

AIq  aging  52As  and  Gag  47lnQ  53AS  lattice  matched  to  InP  are  extremely  useful  for  high-speed 
electronic  and  optical  devices  (1-2).  Device  applications  often  require  high  resistivity,  low  lifetime 
material  to  act  as  buffers  for  electrical  isolation  and  reduction  of  backgating  and  sidegating  1 3-6).  It 
has  been  demonstrated  that  these  characteristics  can  be  obtained  using  lattice  matched  materials 
grown  at  temperatures  substantially  below  those  of  normal  growth  conditions  in  which  excess  As 
in  quantities  of  1-2%  are  present.  This  growth  regime  is  often  referred  to  as  Low  Temperature 
(LT)  growth  (3-6).  There  is,  however,  an  intermediate  growth  regime  between  that  of  normal 
growth  (500  to  600°C)  and  LT  growth  (below  200°C)  in  which  there  is  little  to  no  excess  As,  but  in 
which  the  movement  of  dopant  atoms  has  been  significantly  reduced,  compared  with  material 
grown  at  normal  temperature  (7-11).  We  have  utilized  this  intermediate  growth  regime  to  produce 
AllnAs  and  GalnAs  that  inhibits  the  movement  of  Si  and  Be,  but  is  not  so  heavily  defected  or  the 
lifetime  so  degraded  that  it  becomes  unsuitable  for  use  in  the  active  regions  of  HEMTs  and  HBTs. 


EXPERIMENTAL 

The  epitaxial  layers  were  grown  in  Perkin  Elmer  PHI-430  and  Riber  2300  MBE  systems. 
The  substrate  temperature  was  referenced  to  the  (2x4)  to  (4x2)  surface  transition  as  determined  by 
Reflected  High  Energy  Electron  Diffraction  (RHEED)  patterns  that  occurs  upon  heating  the  InP 
substrate  in  an  Asa  beam  before  growth  is  initiated.  For  these  experiments,  using  an  Asa  beam 
equivalent  pressure  of  8  to  12x10-6  jorr,  we  assume  that  this  transition  occurs  at  540®C  and  refer¬ 
ence  all  other  temperatures  to  it.  Growth  rates  of  both  AllnAs  and  GalnAs  were  100  A/min  with 
lattice  mismatch,  as  determined  by  x-ray  rocking  curves,  held  to  within  1%  of  lattice  matched 
conditions.  Secondary  Ion  Mass  Spectroscopy  (SIMS)  measurements  were  performed  at  Charles 
Evans  and  Associates.  During  LT  growth  and  normal  growth,  the  Asa  overpressure  was 
maintained  during  all  substrate  temperature  ramps  between  low  temperature  and  normal  temperature 
growihs  -  there  was  no  interruption  of  the  Asa  overpressure.  Specific  details  of  normal  temperature 
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and  low  temperature  AlInAs/GalnAs  growth  [6-12],  and  device  and  circuit  fabrication  are  given 
elsewhere  [13-15). 

RESULTS 

AllnAs 

SIMS  analysis  was  performed  on  a  test  structure  that  consisted  of  a  2500  A  AIInAs  buffer 
layer  (grown  at  normal  temperature)  followed  by  five  periods  of  a  GalnAs/AlInAs  inverted 
modulation  doped  structure.  This  structure  consisted  of  450  A  of  AllnAs  (grown  at  normal 
temperatures),  a  silicon  delta-doped  layer  of  either  1.5x10'^  or  3.0xl0*^cm‘2,  a  50  A  AllnAs 
spacer  grown  at  either  500,  425,  350,  or  275°C,  and  finally  a  500  A  GalnAs  layer.  The  275°C 
layer  was  grown  twice,  once  at  the  beginning  of  growth  and  once  at  the  end  of  growth  to  determine 
resolution  changes  with  depth  of  the  layer,  as  well  as  possible  diffusion  effects  that  may  occur  for 
the  spikes  grown  earlier  in  the  run  and  subsequently  held  at  an  elevated  substrate  temperature  until 
the  completion  of  the  run.  Figure  1  shows  the  results  of  SIMS  analysis  on  this  sample  (for  two 
different  delta  doping  levels),  in  which  the  rate  of  decay  (the  distance  required  for  the  doping  level 
to  decrease  by  one  order  of  magnitude)  of  the  Si  spike  through  the  50  A  LT  AllnAs  spacer  and  into 
the  500  A  GalnAs  channel  is  measured  as  a  function  of  the  LT  AllnAs  spacer  growth  temperature. 


For  both  doping  levels,  a  significant  increase  in  the  slope  (approximately  a  factor  of  2)  occurs 
when  the  growth  temperature  of  the  spacer  layer  is  reduced  from  500  to  350°C.  No  reduction  in 
the  rate  of  decay  is  observed  by  further  lowering  the  growth  temperature  to  275°C.  Therefore,  the 
optimum  growth  temperature  of  the  LT  AllnAs  spacer  in  order  to  inhibit  the  movement  of  Si  from 
the  AllnAs  donor  layer  into  the  GalnAs  cha.inel  of  an  inverted  HEMT  is  in  the  range  of  300  to 
350°C. 

^aalMs 

Four  Be  planar  doped  spikes  were  grown  in  GalnAs,  whose  concentrations  varied  from  1.0 
to  0.017  monolayers  and  were  each  separated  by  2500  A.  The  GalnAs  was  grown  at  a  substrate 
temperatures  of  445,  370,  315  and  225°C.  The  full  width  at  half  maximum  (FWHM)  of  each  Be 
spike  was  measured  by  SIMS.  Figure  2  shows  the  L  (normalized),  which  is  defined  as  the 
FWHM  of  a  given  monolayer  coverage  normalized  to  the  FWHM  grown  at  445°C,  as  a  function  of 
the  growth  temperature. 

For  GalnAs  growth  below  350°C,  the  FWHM  decreases  rapidly  by  a  factor  of  approximately 
3  as  compared  to  those  grown  under  normal  conditions.  Two  interesting  features  of  Figure  2 
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Figure  2.  L(nonnalized)  of  Be  planar  doped  spikes  in  GalnAs 
at  a  given  Be  monolayer  coverage  versus  growth  temperature. 


are  that  there  is  no  significant  decrease  in  the  FWHM  for  growth  below  350°C,  and  that  the  growth 
in  the  400°C  range  appears  to  actually  enhance  the  Be  diffusion  as  compared  to  growth  at  445°C. 
These  results  indicate  that  the  optimum  growth  for  LT  GalnAs  in  order  to  inhibit  Be  diffusion 
should  take  place  at  300°C,  since  any  lower  temperature  does  not  decrease  the  Be  FWHM. 

Inverted  HEMTs 

Figure  3  is  a  schematic  of  a  typical  inverted  GalnAs/AIInAs  HEMT.  For  this  experiment  the 
channel  thickness  was  200  A  and  the  LT  AlInAs  spacer,  grown  at  300°C  in  order  to  inhibit  Si 
movement  from  the  delta  doped  layer  into  the  channel,  was  varied  from  30  to  100  A.  The  designed 
2DEG  charge  was  varied  from  1.5  to  3.0xI0'2cm'2- 

Fijurc  4  is  a  plot  of  the  300  K  electron  mobility  for  the  invened  HEMT  shown  in  Figure  3 
with  different  AllnAs  spacer  thicknesses  and  spacer  growth  temperatures  of  either  500  or  300°C 
The  mobility  obtained  using  the  low  temperature  spacer  is  comparable  to  that  which  would  be 
obtained  in  a  normal  structure  (the  donor  layer  above  the  channel)  for  a  similar  2DEG  density. 
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Figure  3.  Schematic  of  inverted  HEMT. 
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Xs(A) 

Figure  4.  Electron  mobility  versus  spacer  layer  thickness 
for  500  and  300“C  spacer  layer  growth  temperature. 

Significant  degradation  of  the  mobility  is  seen  to  occur  for  the  samples  grown  in  which  the  AlInAs 
was  grown  at  normal  temperature.  It  should  also  be  noted  that  the  thicker  the  spacer  the  less  the 
degradation,  giving  further  indication  that  the  degradation  mechanism  is  due  to  the  movement  of  Si 
though  the  spacer  and  into  the  channel. 

Figure  5  shows  the  dc  I-V  characteristics  of  an  inverted  AlInAs/GalnAs  HEMT  that  uses  a 
LT  AlInAs  spacer.  The  sheet  charge  and  mobility  of  this  structure  were  3x10*2  cm‘2  and 
9100cm2A*-s,  respectively.  Devices  with  0.2  pm  gates  were  fabricated  and  exhibited 
transconductances  of  800  mS/mm,  ft's  of  100  GHz,  and  fmax's  of  170  GHz.  The  dc  output 
conductance  of  28  mS/mm  is  much  better  than  that  typically  obtained  in  a  normal  GalnAs/AlInAs 
HEMT  structure,  and  no  kink  effect  was  observed  in  the  1-V  characteristics. 

HBT 

Figure  6  shows  our  AIInAs/GalnAs  HBT,  in  which  two  low  temperature  GalnAs  spacers 
grown  at  300°C  are  placed  at  the  emitter-base  interface.  These  two  spacers  are  intended  to  impede 
the  movement  of  Be  from  the  base  to  the  emitter.  Five  different  LT  GalnAs  spacer  configurations, 
T1  through  T5,  were  grown  as  shown  in  Table  I,  consisting  of  both  doped  and  undoped  LT 
GalnAs.  The  Be  level  in  the  base  has  been  targeted  at  IxlO^Ocm'^  based  on  the  maximum  doping 
that  can  be  c  jnfined  by  LT  GalnAs  as  determined  by  the  planar  doped  experiments  described 
above. 

Figure  7  shows  the  resultant  SIMS  profiles  for  the  five  cases  shown  in  Table  1,  in  which  the 
Si,  Be  and  A1  (intensity  uncalibrated)  are  being  profiled.  Optimum  HBT  performance!  15]  occurs 
for  the  Be  and  Si  electrical  junction  being  coincident  at  the  AIlnAs/GalnAs  heterojunction.  In 
Figure  7,  an  indication  that  Be  has  diffused  into  the  AlInAs  is  denoted  by  the  hump  in  the  Be 


Figure  5.  DC  I-V  characteristics  of  inverted  HEMT. 
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Figure  6.  AlInAs/GalnAs  HBT  with  two  LT  GalnAs  emitter-base  spacers. 


Table  I.  Spacer  thicknesses  (A)  and  doping  levels 
(cm'^)  for  LT  GalnAs  spacers  (^wn  at  300°C) 
and  bases  for  HBT  shown  in  Figure  6 


Sample 

Spacor  1i 

Spacer  2 

Base 

T1 

soA 

oA 

500A 

undoped 

undoped 

1x10“ 

T2 

oA 

isoA 

sooA 

undoped 

2x10'* 

1x10“ 

T3 

oA 

75A 

sooA 

undoped 

2x10’* 

1x10“ 

T4 

oA 

oA 

sooA 

undoped 

undoped 

1x10“ 

T5 

oA 

isoA 

350A 

undoped 

1x10“ 

1x10“ 

profile  when  it  crosses  into  the  AlInAs,  because  of  the  increased  secondary  ion  yield  of  AlInAs  as 
compared  to  GalnAs.  This  hump  is  therefore  an  excellent  indication  of  Be  penetration.  The 
control  sample,  case  T4  (that  without  any  spacer),  shows  Be  penetration  of  almost  1000  A  into  the 
emitter,  while  a  minimum  of  75  A  of  LT  GalnAs  doped  at  2x10'*  cm'^  (case  T3)  will  hold  the  Be 
in  place.  To  enhance  reliability,  we  chose  case  T2  as  the  standard  npn  HBT  structure  employing 
150  A  of  LT  GalnAs  grown  at  300°C  and  doped  at  2x10'*  cm'3.  HBTs  fabricated  using  the 
T2  profile  have  obtained  current  gains  of  23  with  an  fmax  of  73  GHz  and  ft  of  1 10  GHz.  Higher 
gains  may  be  obtained  by  lowering  the  base  doping  and  trading  lower  fmax  for  higher  gains. 

CONCLUSIONS 

We  have  shown  that  there  is  a  significant  reduction  in  the  movement  of  Si  in  AlInAs  and  Be 
in  GalnAs  when  the  material  is  grown  in  the  temperature  range  of  300  to  350°C.  This  LT  material 
was  then  used  to  enhance  the  device  performance  of  both  inverted  HEMTs  and  npn  HBTs. 
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Figure  7.  SIMS  profiles  of  the  five  spacer  configurations  listed  in 
Table  I  showing  Si,  Be  and  A1  (uncalibrat^  intensity). 
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ABSTRACT 

InP  layers  were  grown  on  semi-insulating  InP  wafer  by  molecular  beam  epitaxy 
(MBE)  at  low  substrate  temperatures  (<  200°C).  using  solid  phosphorus  source.  We  use 
x-ray  diffraction,  double  crystal  x-ray  rocking  curve.  Auger  electron  spectro.scopy.  and 
temperature-dependent  Van  der  Pauw  and  Hall  effect  measurements  to  characterize  the 
as-grown  and  annealed  InP  layers.  It  is  found  that  the  InP  layer  is  in  poly-crystal  stale 
with  excess  P  over  7  at%.  The  layers  became  single  crystal  after  annealing  above  400”C. 
Tlie  resistivity  of  the  InP  layer  decreased  from  60  Qcm  for  an  as-grown  sample  to  0.82 
Q.cm  after  400'’C  RTA  annealing.  The  different  role  of  excess  P  as  compared  to  the  role 
played  by  excess  As  in  LT-GaAs  is  discussed  based  on  the  P  properties. 


INTRODUCTION 

InP  is  an  important  compound  semiconductor  material  for  high  .speed  electronic 
and  optoelectronic  devices.  The  sidegating  and  backgating  problems  associated  with  InP 
based  devices  require  a  substrate  with  improved  electrical  properties.  Recently.  Ga.'ks 
grown  by  molecular  beam  epitaxy  (MBE)  at  low  substrate  temperature  (LT-GaAs)  has 
been  shown  to  be  a  promising  material  [  I  ].  The  use  of  LT-GaAs  as  a  buffer  layer  led  to  a 
great  reduction  of  sidegating  and  backgating.  and  an  increase  in  breakdown  voltage  in 
FETs  [1,2].  Successful  growth  of  other  As-based  compounds  such  as  AIGaAs  and  AII- 
nAs  have  been  reported,  showing  properties  similar  to  LT-GaAs  |.^.  4].  Typical  charac¬ 
teristics  of  the.se  LT  materials  are  ( I)  large  amount  of  excess  As  (up  to  l~2at%).  (2)  high 
density  of  defects  such  as  As  precipitates  and  As^j^  antisite  defects,  and  (.1)  a  relatively 
high  crystalline  quality.  Further  extension  of  low  substrate  temperature  growth  to  InP 
would  be  of  great  interest.  Norris  [5]  had  reported  MBE  growth  of  InP  at  various  sub¬ 
strate  temperatures.  But  he  did  not  study  the  .stoichiometry  and  annealing  behavior  of 
InP  layer  grown  at  low  substrate  temperatures  (<  .400°(').  In  this  paper,  we  report  the 
growth  and  materials  characteristics  of  LT-InP.  Hie  growth  is  performed  at  different  sub¬ 
strate  temperatures  and  P  over-pressures.  Electrical  and  structural  propeilies.  arid  anneal¬ 
ing  behavior  of  these  LT-InP  layer  are  reported.  Implications  of  our  results  are  al  .o 
discussed. 


InP  GROWTH 

The  Riber  32P  MBE  system  with  a  valved.  solid  phosphorus  source  which  has 
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been  described  previously  [6]  is  used  to  grow  the  InP  layer.  Red  phosphorus  is  used  as 
the  phosphorus  beam  source.  Tlie  phosphorus  source  temperature  was  kept  at  350‘’C 
with  the  temperature  of  the  cracker  zone  kept  at  lOOO'^C.  The  P2  beam  flux  was  con¬ 
trolled  by  varying  its  equivalent  vapor  pressure.  Fe-doped  semi-msulating  (100)  InP 
wafers  were  used  as  substrates.  Tlie  InP  substrate  was  baked  at  2.‘)0"C  for  I  hour  before 
growth  started.  Two  series  of  InP  layers  were  grown.  In  the  first  series  of  growths,  the  Pt 
flux  was  kept  constant  with  a  vapor  pressure  at  8  x  10'^  Torr  which  is  the  same  as  that 
used  in  normal  substrate  teinperature  growth.  The  substrate  temperature  was  varied  from 
.300°C  to  100°C.  In  the  second  series  of  growths,  the  substrate  temperature  was  kept  con¬ 
stant  at  200°C  and  the  P2  flux  was  reduced  to  1/2  and  1/4  of  the  normal  P2  flux,  respec¬ 
tively.  All  layers  are  grown  at  a  rate  of  1  um/li.  The  thickness  of  each  layer  and  other 
growth  parameters  are  listed  in  Table  1. 

STRUCTURAL  AND  ELECTRICAL  PROPER!  lES 

InP  layers  were  examined  by  Auger  electron  spectroscopy(AES)  to  detemiine  the  layer 
stoichiometry.  The  sample  surfaces  were  cleaned  by  sputtering  with  5keV  Ar  ion  for 
30sec  before  AES  tiieasurements.The  results  are  summarized  in  Table  1 .  The  InP  layers 
grown  at  200°C  and  100°C  with  normal  P2  flux  have  7at%  and  llat%  excess  P  respec¬ 
tively.  The  InP  layer  grown  at  200°C  with  1/4  normal  P2  flux  shows  pho.sphorus  defi¬ 
ciency.  All  InP  layers  had  mirror-like  and  featureless  surfaces  except  for  the  sample 
grown  with  1/4  normal  P2  flux.  The  surface  of  this  sample  became  granular.  The  cry  stal- 
line  quality  of  the  layers  were  further  studied  by  x-ray  diffraction.  The  x-ray  rocking 
curve  with  Fe/f^i  of  the  (400)  plane  showed  only  one  diffraction  peak  on  all  the  as- 
grown  samples.  T^e  InP  layer  grown  at  300°C  had  a  good  crystalline  quality  indicated 
by  its  values  of  reflecting  power  and  FWHM  as  compared  to  that  of  a  single  crystal  InP 
wafer.  However,  the  reflecting  power  was  reduced  by  more  than  70%  as  the  growth  tem¬ 
perature  decreased  to  200°C  or  100°C.  X-ray  diffraction  measutements  taken  on  LT-InP 


Table  1 ,  Structural  and  Electneal  Properties  of  LT-lnP 
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a.  There  was  an  accumulation  of  impurity  on  the  sample  surface  due  to  the  incident.  It  is  difficult  to  recover  the, 
sample  for  elecrncal  measurement.  The  structure  charactenzation  data  is  reliable. 
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indicated  that  the  LT-lnP  layers  are  not  single  crystal  as  evidenced  by  the  appearance  of 
a  broad  (111)  diffraction  peak  as  shown  in  Fig.  t .  Tlie  Raman  spectroscopy  measurement 

of  LT-lnP  layers  continned  the  x-ray  diffraction  result.  Thus,  it  is  believed  that  these  I.T- 
!nP  layers  are  in  a  poly-crystalline  state.  TIte  greatly  reduced  (400)  diffraction  peak  in 
the  x-ray  rocking  curve  may  come  from  the  substrate  and/or  the  single  crystal  portion  of 
the  LT-InP  layer.  Our  results  are  similar  to  what  Norris  had  obsers'ed[5]  but  the  transition 
temperature  from  single  crystal  to  poly-crystal  is  lower  in  Norris'  case  (<  ISO^C).  The 
different  layer  thickness  (luni  thick  layer  for  Norris  samples)  and  other  growth  parame¬ 
ters  may  have  attributed  to  this  difference.  It  has  been  reported  that  there  is  a  thickness 
limit  (~2um)  for  single  crystal  epitaxial  LT-GaAs  layers  [7,  8].  It  was  speculated  that  the 
Pj  -t-  P2  ->  P4  reaction  may  be  responsible  for  the  large  amount  lattice  disorder  and  cause 
a  ( 1 1 1)  oriented  island  growth  [5]. 

Resistivity  and  Hall  mobility  of  as-grown  LT-InP  layers  were  determined  by  the 
Van  der  Pauw  and  Hall  effect  measurements.  The  resistivity  increased  with  decreasing 
the  growth  temperature  and  decreased  with  the  reduction  of  Pt  flux.  Tlie  room  tempera¬ 
ture  mobility  values  are  in  the  range  of  200  ~  .“iOO  cm^/Vs  and  increase  with  measure¬ 
ment  temperature  from  80k  to  400k.  The  inP  layer  grown  with  1/4  P^  flux  has  a  very 
small  mobility  which  is  invariant  with  measurement  temperature. 


ANNEALING  STUDY  OF  LT-InP 

All  LT-lnP  layers  were  subjected  to  an  isochronal  RTA  annealing  at  temperatures  rang¬ 
ing  from  200°C  to  600”C  for  15  s.  X-ray  double  crystal  rocking  curve  shows  that,  for  the 
InP  layers  grown  at  200°C  and  100°C  with  normal  P2  flux,  after  a  2no°C  or  250°C  R'l'A 
annealing,  a  satellite  peak  appears  on  the  left  side  of  substrate  (400)  diffraction  peak  as 
shown  in  Fig.2.  With  further  increase  of  annealing  temperature,  the  satellite  peak  moves 
and  merges  with  the  original  (400)  diffraction  peak.  However,  for  the  samples  grown 
with  1/2  and  1/4  P2  flux,  there  is  no  satellite  peak  in  the  x-ray  rocking  curves  after  the 
annealing.  The  X-ray  reflecting  powers  of  all  samples  increa.sed  w  ith  the  annealing  but 
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Fig.  1  X-ray  diffraction  curve  of  the  sample 
grown  at  200‘’C  with  normal  P  tlux. 


Aa|le  tdci  > 

Fig.2  X-ray  rocking  curves  of 
the  sample  grown  at  2(X)”r  with 
normal  P  flux  and  annealed  by 
RTA  foi  15s. 
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AatM<bn^  T«mp«raaire  cC) 


AaneaJiof  Temperaiurt 


Fig. 3  Resistivity  vs  annealing  tempera¬ 
ture  of  LT-lnP  samples 


Fig.4  Hall  mobility  vs  annealing  temper¬ 
ature  of  LT-lnP  samples. 


are  small  compared  to  that  of  a  virgin  InP  wafer.  Single  crystal  X-ray  diffraction  curv'es 
taken  after  annealing  above  400‘’C  showed  no  ( 1 1 1 )  diffraction  peak,  llie  above  obser¬ 
vation  suggests  that  there  is  a  crystallization  (from  poly  to  single  crystal  or  lager  poly¬ 
crystal)  process  due  to  the  annealing.  Tlie  satellite  peak  observed  is  related  to  the  larger 
lattice  constant  in  the  MBE  (nP  layer  which  may  be  due  to  the  excess  P.  The  similar 
annealing  behavior  had  been  observed  in  LT-GaAs.  The  reduction  of  LT-Ga.As  lattice 
constant  with  annealing  was  explained  by  the  formation  of  As  precipitates.  It  is  specu¬ 
lated  that  excess  P  may  also  form  precipitates,  rig.-l  and  Fig.4  show  the  resistivity  and 
mobility  as  a  function  of  annealing  temperature  for  LT-lnP  layers.  The  resistivity 
decreased  with  annealing  while  the  mobility  increased  with  annealing  which  is  consis¬ 
tent  with  the  improvement  of  structural  quality.  The  reduction  of  P2  flux  apparently  fur¬ 
ther  deteriorates  the  LT-lnP  layer  quality  which  may  be  related  to  a  low  P/In  ratio[9]. 


DISCUSSION 

It  is  interesting  to  make  a  comparison  between  Ll-smAs  and  LT-lnP.  It  has  been 
shown  that,  in  a  .‘5pm  thick  LT-GaAs  layer  with  L.‘5  at%  excess  .As.  conduction  is  domi¬ 
nated  by  the  hopping  process  [10.  11).  The  600'’C  anneal  turns  the  L'T-GaAs  into  a  highly 
resistive  state  due  to  the  fonnation  of  As  precipitates  [12]  or  deep  As^-^  defect  levels 
[  1 1 1.  In  l.'T-lnP  layers,  the  mobility  data  indicated  a  defect-controlled  electron  transpoii. 
which  could  be  related  to  grain  boundaries  or  to  large  amounts  of  i.solated  defects  and 
disordered  regions,  llie  higher  temperature  annealing  did  not  lead  to  any  increase  in 
resistivity  in  contrast  with  LT-GaAs.  Tlie  excess  P  may  precipitate  out  under  certain  con¬ 
dition.  However,  it  is  uncertain  if  the  annealing  would  lead  to  the  formation  of  large  P 
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precipitates  because  elemental  P  solid  has  a  low  melting  point  ajid  a  high  vapor  pressure. 
Even  if  P  precipitates  do  exist,  the  non-metallic  properties  of  P  may  make  its  effect 
insignificant.  Tire  carrier  concentration  (Nj  ~  7  x  lo' Vem^)  in  LT-lnP  after  400°C  RTA 
annealing  is  on  the  same  order  as  the  shallow  impurity  density  in  .MBE  InP  grown  at  nor¬ 
mal  substrate  temperatures,  suggesting  that  there  are  low  density  compensation  centers 
in  LT-InP.  As  in  LF-GaAs,  a  large  amount  of  Pi,,  antisite  defects  may  be  present  in  LT- 
InP.  A  deep  level  at  E;,  -  0.64eV  in  InP  was  reported  to  be  assixriaied  with  one  of  the  tran¬ 
sitions  in  charge  states  of  Pj^  antisite  defect[131.  However  the  Fermi  level  position  in  LT- 
InP  is  controlled  by  shallow  levels  which  may  be  related  to  P  interstitials  P,.  other  charge 
state  of  P|„  defects,  or  some  shallow  impurities.  Any  further  discussion  on  the  feasibility 
of  utilizing  P[^  defects  to  achieve  high  resistive  InP  has  to  be  based  on  a  more  accurate 
understanding  of  this  defect.  Although  LT-lnP  has  not  yet  shown  properties  similar  to 
LT-GaAs,  the  good  crystalline  quality  of  the  l.T-lnP  layer  may  still  be  of  interest  since 
the  low  growth  temperature  has  advantages  in  reduction  of  interface  roughness  and  seg- 
ration  of  undesirable  impurities  into  the  epilaycr  [14]. 

CONCLUSION 

The  InP  layers  grown  by  MBE  at  low  substrate  temperature  (200”C  and  lOO^'C) 
are  polycrystal  with  over  7at%  excess  P  for  sample  growrr  with  normal  Pt  flux.  Crystal 
quality  are  improved  by  RTA  annealing.  However,  the  resistivity  decreased  from  60 
Qcm  in  as-grown  sample  (#  .361 )  to  0.82  Qcm  in  400'^’C  annealed  sample.  The  low  melt¬ 
ing  point,  high  vapor  pressure  and  noii'metallic  nature  of  P  solid,  and  the  low  density 
compensation  centers  may  all  contribute  to  the  low  resistivity  of  Lf-InP. 
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GROWTH  AND  CHARACTERIZATION  OF  LOW  TEMPERATURE  InP  BY  GAS 

SOURCE  MBE 
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Arizona  State  'Jniversity,  Dept,  of  Electrical  Engineering,  Center  for  Solid  State 
Electronics  Research,  *Center  for  Solid  State  Sciences.Tempe,  AZ  85287-5706 

The  introduction  of  GaAs  grown  at  low  MBE  growth  temperatures  has  spurred 
considerable  activity  in  attempts  to  understand  conduction  mechanisms  and  optical 
properties.  In  LT  GaAs,  the  formation  of  microscopic  As  precipitates  dominates  the 
conductivity,  producing  electronic  transport  mainly  by  variable  range  hopping  conduction. 
The  resulting  high  resistivity  and  short  carrier  lifetimes  have  enabled  the  use  of  LT  GaAs  in 
FET  buffer  layers  as  well  as  in  ultra-fast  optical  switches.  An  extension  to  AllnAs  has  also 
been  performed  and  it  was  seen  that  variable  range  hopping  is  also  present  in  the  As- 
based  ternary. 

We  report  the  optical  and  electronic  properties  of  InP  grown  at  low  temperatures  in 
a  gas  source  MBE  using  dimeric  phosphorus  produced  from  cracked  phosphine.  The 
conductivity  is  higher  than  the  equivalent  GaAs  LT  material  and  does  not  have  the  same 
tp’  iperature  dependence.  The  conditions  under  which  growth  occurs  ie,  substrate 
temperatures,  V/lll  ratios  and  annealing  is  explored.  The  structural  properties,  temperature 
dependence  of  the  conductivity,  deep  level  structure  and  the  photoluminescence 
properties  of  the  material  are  also  investigated. 

Introduction 

The  application  of  MBE  GaAs  grown  at  temperatures  bilow  300°C  as  an 
electrical  buffer  layer  in  field  effect  transistors  [1]  has  spurred  an  investigation  of  other 
materials  grown  at  low  temperatures.  Other  material  systems  grown  at  low  temperatures 
are  AIGaAs  [2]  and  InAIAs  [3].  Several  applications  of  low  temperature  (LT)  materials 
have  been  developed  in  electronic  and  photonic  devices.  In  this  paper,  we  report  the 
growth  of  InP  at  low  temperatures  by  gas  source  MBE  using  sources  of  solid  indium  and 
Pz.  The  dependence  of  electrical  and  optical  measurements  are  explored  as  a  function  of 
growth  temperature  and  V/lll  ratio.  The  as-grown  material  properties  are  also  measured 
as  a  function  of  anneal  time  and  a  correlation  with  phosphorus  precipitates  and  ordered 
mic”'crystals  observed  by  transmission  electron  microscopy  (TEM)  is  made. 

Growth  of  LT  InP 

Epitaxial  layers  were  grown  in  a  VG  V80-H  MBE  system  with  solid  indium  and 
cracked  phosphine.  Two  sets  of  samples  were  grown  on  semi  insulating,  Fe  doped  InP 
substrates  for  this  study.  The  first  and  second  sets  had  epitaxial  layer  thicknesses  of  1 .5 
pm  and  0.3pm  respectively.  This  was  done  to  obtain  material  above  and  below  the 
critical  thickness  for  crystalline  growth  which  is  determined  by  the  crystal  strain  induced  by 
the  excess  P  incorporated  at  low  temperatures.  Growth  temperatures  of  240°C.  280°C 
and  o.tOX  at  a  V/lll  atomic  ratio  of  1.15  were  used  for  the  growth  temperature 
dependence  study.  Samples  grown  at  240X  at  V/lll  atomic  ratios  of  1.65,  1.50  and 
1.25  were  used  lor  the  V/lll  ratio  dependence  study.  The  V/lll  atomic  ratios  were 
measurid  by  RHEi.0  oscillations  at  the  normal  InP  growth  temperature  of  495°C.  A 
growth  rate  of  0.6pm/hr  was  used  Temperatures  above  400°C  were  monitored  using  an 
optical  pyrometer.  For  temperatures  below  400°C,  the  system  thermocouple 
temperature  was  calibrated  against  the  melting  points  of  indium  and  tin. 

The  oxide  was  desotned  at  500°C  and  the  substrate  annealed  at  520°C  for  10 
minutes  under  a  Pz  flux  before  growth  of  th  j  LT  layers.  Pz  was  generated  by  cracking  of 
phosphine  at  1000°C  in  a  high  pressure  cracker  14]. 

The  reflection  high  energy  electron  diffraction  (RHEED'  pattern  begins  as  a 
standard  2X4  and  turns  spotty  during  LT  InP  growth.  At  the  end  of  growth,  the  pattern  is 
diffuse.  A  500°C  anneal  step  is  then  performed  to  promote  precipitate  formation  as  in  the 
LI  GaAs  process.  The  anneal  was  performed  under  a  Pz  flux  by  ramping  from  the 
growth  temperature  to  the  anneal  temperature  of  500°C  in  five  minutes.  During  the 
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500°C  anneal  sequence  a  faint  2X4  pattern  improves  into  a  clearly  defined  2X4  pattern 
similar  to  the  substrate's.  Samples  that  were  annealed  for  10  minutes  and  40  minutes 
were  produced  for  the  anneal  time  study  described  below. 

Structural  properties  (TEM1 

Cross  sectional  transmission  electron  microscopy  (TEM)  was  performed  (near  1 1 0 
zone  axis  conditions  )  on  several  samples  which  were  prepared  by  mechanical  grinding 
and  low  angle  argon  ion  milling.  The  microscope  used  was  an  Akashi  002B  operating  at 
200keV.  The  epitaxial  layers  having  a  thickness  of  I.Spm  exhibited  a  moderate  to  low 
dislocation  density  and  thin  twin  planes  on  {1 1 1}  extending  approximately  0.5  pm  from 
the  LT  layer  surface.  Accurate  determination  of  the  critical  thickness  as  a  function  of  growth 
parameters  was  not  undertaken  in  this  study.  Figure  1  is  a  TEM  diffraction  contrast 
micrograph  of  the  1 .5pm  LT  InP  layer  grown  at  240°C.  Throughout  the  layer,  a  density  of 
approximately  1X1 0’O  precipitates  per  square  centimeter  ranging  in  size  from  100A  to 
500A  was  observed.  These  were  analyzed  by  electron  probe  energy  dispersive  x-ray 
nanospectroscopy  and  found  to  be  phosphorus-rich.  Moire  fringes  on  the  precipitates 
and  microdiffraction  showed  them  to  be  crystalline.  Two  types  of  structures  are  seen  in 
figure  1 .  The  small,  solid  precipitates  are  inside  the  crystal  while  the  large  annular,  dark- 
centered  ones  are  predominantly  on  the  surface.  The  latter  morphology  is  an  artifact  from 
sample  preparation.  The  precipitate  density  is  a  factor  of  ten  less  than  that  observed  for 
As  precipitates  in  LT  GaAs.  The  average  small  precipitate  size  is  250A  which  is  more 
than  twice  the  average  size  found  for  As  precipitates  grown  by  Asz  [5]. 


Figure  1  Transmission  electron  micrograph  at  100,000  magnification  shows  the 
phosphorus-rich  precipitates  in  the  single  crystal  region  of  the  LT  InP  epitaxial  layer. 
Electrical  and  optical  properties 

Test  samples  for  Hall  effect  measurements  were  fabricated  by  alloying  indium 
dots  onto  0.75cmX0.75cm  pieces  of  material.  The  samples  were  then  mounted  in  a 
Helitran  cryostat  in  which  the  temperature  was  varied  from  10K  to  300K  for  the 
temperature  dependent  Hall  measurements.  Photoluminescence  measurements  were 
made  in  a  Janis  Supervaritemp  cryostat.  The  samples  were  optically  excited  with  the 
496.5  nm  line  of  an  argon  ion  laser.  Excitation  power  densities  used  were  approximately 
100  mW/cm2  and  spectra  were  recorded  by  photon  counting  techniques  through  a  0.75 
meter  spectrometer. 


273 


Figure  2  shows  the  carrier  concentration  and  resistivity  of  three  0.3  nm  thick 
samples  grown  at  the  three  different  substrate  temperatures  (Ts).  Samples  having 
thicknesses  of  1 .5  pm  were  very  conductive  and  exhibited  resistivities  on  the  order  of 
10'2  fl-cm  with  electron  concentrations  in  the  mid  lO^^cm'^  range  and  are  not  included  in 
this  figure. 


The  electron 
,  ^4  concentration  in  the  0.3  pm 

“  thick  samples  decreases 

from  low  10^8  cm-3  at  Ts  = 
240°C  to  1X1012  cm-3 
-2 1  (depleted)  at  Ts=  320°C 

“  I  while  the  resistivity  changes 

«  from  10-2  ft-cm  to  almost 

o  1 0^  Q-cm  over  the  same 

-0  3  temperature  range.  The 

§  large  change  in  carrier 
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approximately  OSO'C  is 
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Figure  2  Carrier  concentration  and  resistivity  of  three  f.*’®  'owes,  earner 

samples  grown  at  different  substrate  temperatures.  concentration  was  mid  1 0 

cm'3  and  all  samples  were 

grown  at  very  high  V/lll  flux  ratios.  It  is  observed  that  under  these  conditions,  the  highest 
resistivity  is  less  than  that  found  in  LT  GaAs  (typiciilly  >10®  Q-cm).  The  electron  mobility 
was  seen  to  increase  from  300  to  400  cm2A/sec  over  this  growth  temperature  range. 

in  the  series  grown  at  Ts=240°C  with  varying  V/lll  ratio,  the  mobility  is  seen  to 
increase  as  a  function  of  decreasing  V/lll  ratio  from  200  cm2/Vsec  to  675  cm2/Vsec 
(compare  with  the  SI  InP  substrate  mobility  of  -2900  cm2/Vsec).  There  is  a 
corresponding  change  in  resistivity  from  0.19  il-cm  to  0.04  Sl-cm.  The  resistivity  of  the 
InP.Fe  substrate  was  over  10^  times  higher  than  any  of  the  epitaxial  layers  at  all 
temperatures  so  the  Hall  measurements  represent  properties  of  the  LT  layers. 

An  investigation  of  conduction  mechanisms  in  the  LT  InP  was  warranted  after  the 
observation  of  P  precipitates  to  obtain  more  insight  into  the  issue  of  the  role  of 
precipitates  on  LT  material  conduction.  To  this  end,  3  mm  wide,  parallel  indium  contacts 
were  alloyed  to  the  films  to  make  ohmic  contacts  and  the  current  versus  temperature 
monitored.  Figure  3  shows  the  calculated  conductivity  of  the  different  layers  as  a  functioti  of 
temperature. 

The  conductivity  of  the  SI  InP  substrate  is  below  the  detection  limit  of  our 
measurement  below  approximately  230K,  above  this  the  deep  compensating  trap  level 
(Fe)  begins  to  ionize  by  thermionic  emission  with  its  thermal  activation  energy  of  0.67eV. 
A  similar  behavior  is  observed  in  the  LT  InP  layer  grown  at  320°C  which  shows  an 
activation  energy  of  0.61  eV.  The  current  begins  to  increase  approximately  thirty  degrees 
lower  in  this  sample  indicating  that  shallower  traps  are  present,  contributing  to  the 
conduction.  The  samples  grown  at  240X  and  280'’C  show  high  conductivity  down  to 
approximately  10K  and  could  not  be  described  by  a  thermionic  emission  model.  Below 
1 0K  an  apparent  freeze  out  of  carriers  is  probably  due  to  a  shallow  defect  level.  As  in  the 
case  of  LT  GaAs  [7,8],  the  conductivity  follows  a  functional  form  of  ln(o)  -  T  ^  (with  v  = 
0.25)  indicating  that  variable  range  hopping  conduction  is  dominating  at  low  temperatures. 
A  difference  between  the  InP  and  GaAs  samples  is  that  the  range  of  temperatures  that 
hopping  conduction  occurs  is  smaller  in  InP  probably  because  the  precipitate  density  is 
lower.  Hopping  can  either  occur  among  deep  trap  states  or  between  P  precipitates.  The 
average  distance  between  precipitates  was  measured  by  TEM  to  be  1 0COA  and  is  thus 
too  large  to  produce  appreciable  hopping  current  in  these  samples.  Hopping  conduction 
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behavior  was  not  observed  in  the  SI  InP  substrate  nor  in  the  320‘’C  LT  InP  epitaxial  layer 
because  the  conductivity  is  out  of  the  range  of  our  measurement  equipment  at  the  low 
temperatures. 


TEMPERATURE  (K) 

Figure  3  Conductivity  versus  temperature  for  a  semi  insulating  InP  substrate  and 
GSMBE  LT  InP  epitaxial  layers.  The  two  low  temperature  growths  exhibit  variable  range 
hopping  behavior  absent  in  the  320°C  sample  and  substrate.  At  high  temperatures, 
conduction  in  the  latter  two  samples  is  by  thermionic  emission  from  deep  traps. 

Annealing  of  LT  GaAs  is  required  to  obtain  the  high  resistivity  from  the  low 
resistivity  as-grown  material.  Attempts  to  understand  the  annealing  mechanisms  in  LT  InP 
by  photoluminescence  (PL)  are  described  here.  All  spectra  within  each  figure  were 
obtained  under  identical  excitation  conditions,  slit  widths  and  photomultiplier  tube  bias  for 
comparison  purposes.  Figure  4  shows  the  PL  spectra  of  the  three  unannealed  (as-grown) 
samples  whose  electrical  properties  are  shown  in  figure  2. 


LT  InP  •  growth  temp,  dependence 


Energy(eV) 

Figure  4  Photoluminescence  of  LT  InP  as  a  function  of  growth  temperature,  Ts,  from 
240°C  to  320  °C. 
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A  vertical  line  has  been  provided  at  the  normal  (bulk)  InP  band  edge  energy  (at  1 .8K)  of 
1.415  eV  to  aid  in  comparing  the  different  spectra.  At  240“C  a  broad  luminescence 
(FWHM  -SSmeV)  is  observed  at  1 .45  eV  which  is  greater  than  the  InP  bandgap.  This  is 
due  to  strain  introduced  by  the  excess  P  in  the  lattice  which  increases  the  bandgap.  This 
behavior  was  also  observed  in  as-grown  LT  GaAs[9]. 

The  280°C  sample  PL  peak  energy  (1.425  eV)  is  shifted  toward,  but  still  above, 
the  bulk  InP  band  edge  and  the  line  width  decreases  to  48meV.  The  shoulders  suggest 
regions  of  locally  high  strain  as  they  are  on  the  high  energy  side  of  the  peak.  At  320°C  the 
band  edge  peak  energy  is  1 .418  eV  with  a  linewidth  of  6  meV  indicating  very  little  strain 
In  the  epitaxial  layer.  A  second  band  consisting  of  approximately  four  peaks  is  seen 
around  1 .38  eV.  These  peaks  have  been  attributed  [10]  to  band-to-acceptor  (B-A°)  and 
donor-to-acceptor  (D°-A°)  transitions  due  to  Ca  and  Mg  impurities  or  carbon  [11].  These 
transitions  may  not  be  apparent  in  the  lower  temperature  samples  because  of  the 
presence  of  other  nonradiative  centers. 

Annealing  the  Ts=  240°C  LT  InP  layer  at  500°C  for  different  times  produced  the 
PL  data  in  figure  5.  Again,  the  vertical  line  at  the  bulk  InP  band  edge  energy  of 


GSMBE  inP  grown  at  low  tamparaturas 


Enargy(oV) 

Figure  5  Photoluminescence  spectra  of  the  O.Spm  thick  LT  InP  layer  grown  at 
240°C.  The  bottom  curve  is  the  spectrum  of  an  InP  layer  grown  at  480°C  for  comparison. 
The  luminescence  intensities  are  referenced  to  the  10  min.  annealed  sample. 

1.415  eV  is  shown  as  an  aid  to  the  eye.  The  bottom  curve  shows  the  spectrum  of  an 
MBE  InP  layer  grown  at  a  normal  InP  growth  temperature  of  480°C  for  reference.  Four 
clearly  resolved  excitons  are  seen,  with  the  main  one  having  a  FWHM  of  0.6  meV.  The 
low  energy  peak  is  similar  to  the  one  just  discussed  except  that  the  transitions  on  the  high 
energy  side  of  1 .380  eV  are  stronger.  The  as^grown  LT  InP  layer  spectrum  is  the  same 
broad,  single  peak  as  in  figure  4.  After  a  10  minute  anneai,  the  band  edge  luminescence 
narrows  to  6meV  with  an  energy  (1 .41 1  eV)  lower  than  the  bulk  InP  value.  The  transitions 
in  the  1 .38  eV  band  are  now  stronger  on  the  low  energy  side.  The  low  energy  peaks  are 
greatly  reduced  in  intensity'  after  the  40  minute  anneal  and  the  main  peak  widens  to  8meV 
and  shifts  to  the  bulk  InP  energy  of  1 .415  eV.  There  is  a  second  peak  just  above  the 
main  one  which  broadens  the  luminescence  line.  This  may  be  caused  by  the  appearance 
of  small  regions  of  high  strain. 

Discussion  and  conclusions 

It  was  found  that  the  highest  resistivity  LT  InP  layers  were  obtained  at  a  growth 
temperature  of  320'’C  with  a  V/lll  atomic  percent  of  1.15.  The  resistivity  of  the  as-grown 
material  increased  with  annealing  at  500‘’C  under  a  P2  flux.  This  behavior  was  explored 
by  phf  cluminescence  which  correlated  with  the  electrical  measurements  in  that  the 


highest  resi  :tjvity  was  obtained  at  the  anneal  time  of  1 0  minutes  which  also  produced  the 
narrowest  PL  linewidth.  Annealing  for  longer  than  10  minutes  produced  lower  PL 
intensities  and  wider  linewidths. 

It  was  also  shown  that  InP  grown  at  low  temperatures  by  gas  source  MBE  and 
annealed  contains  crystalline  phosphorus-rich  precipitates  with  an  average  size  of  250A 
and  a  density  of  1 XI 0^°  cm-3.  This  is  a  lower  concentration  of  precipitates  than  found  in  LT 
GaAs.  Thus  if  the  model  in  which  high  resistivity  is  caused  due  to  complete  semiconductor 
depletion  by  metallic  precipitates  [12]  is  valid,  then  we  may  not  necessarily  have 
complete  depletion  at  the  P  precipitate  densities  in  the  samples  studied  here.  However, 
variable  range  hopping  conduction  is  observed  in  this  material  at  low  temperatures  (albeit 
in  a  narrower  temperature  range  than  in  LT  GaAs)  which  might  indicate  certain  regions  are 
more  fully  depleted  than  others.  The  remaining  conductivity  is  probably  due  to  shallow 
and  deep  levels  in  the  undepleted  regions.  From  the  large  precipitate  size,  it  could  be 
speculated  that  there  is  a  large  amount  of  local  strain  in  the  crystal  which  can  generate 
dislocations  which  may  cause  high  conductivity. 

In  conclusion,  behavior  similar  to  that  obtained  in  the  As  based  semiconductors 
was  observed  in  the  P  based  lll-V  semiconductors  system.  The  kinetics  of  P  based 
MBE  growth  must  be  further  studied  to  determine  whether  an  association  reaction,  similar 
to  that  observed  for  Asg  based  growth,  causes  an  increase  in  the  incorporation  of  excess 
P  at  low  growth  temperatures.  The  full  range  of  growth  parameters  still  needs  to  be 
investigated  in  more  detail  for  application  to  particular  devices. 
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ABSTRACT 

The  low  temperature  growth  procedure  used  in  the  case  of  GaAs  to 
introduce  high  concentrations  of  deep  traps  such  as  arsenic  antisite 
defects  has  been  extended  to  the  growth  of  InP  by  gas  source  molecular 
beam  epitaxy.  The  low  temperature  growth  of  InP  induces  a  strong  group 
V  stoechiometric  deviation  (of  the  order  of  +1%).  On  the  other  hand. 
Secondary  Ion  Mass  Spectrometry  reveals  high  levels  of  hydrogen 
ranging  from  3.10'8  to  3.10’9  cm-3  depending  on  growth  temperature. 
Undoped  layers  are  found  to  be  resistive  without  any  post  annealing. 
Annealing  experiments  above  250°C  lead  to  conductive  layers 
suggesting  a  passivation  effect  of  both  shallow  donors  and  acceptors  by 
hydrogen. 


INTRODUCTION 

The  route  to  produce  semi-insulating  (SI)  lll-V  materials  is  based 
on  the  introduction  of  a  concentration  of  deep  traps  larger  than  the 
residual  shallow  impurity  concentration.  That  can  be  obtained  by  a  low 
temperature  growth  process.  GaAs  epitaxial  layers  grown  by  Molecular 
Beam  Epitaxy  (MBE)  at  low  temperature  (200°C-300°C)  have  shown 
interesting  SI  properties  [1 ,2].  The  deep  traps  have  been  correlated  with 
the  strong  As-rich  stoechiometry  (up  to  1%)  and  identified  as  arsenic 
antisite  defects  [3].  This  type  of  material  has  been  used  as  buffer 
layers  to  reduce  backgating,  sidegating  and  ligth  sensitivity  effects  in 
MESrET  [4,  5].  This  low  temperature  growth  approach  used  successfully 
for  GaAs  can  be  extended  to  other  arsenide  compounds  such  as  AIGaAs 
[6],  AllnAs  [7].  Concerning  InP,  the  growth  of  SI  layers  is  usually 
obtained  by  iron  doping.  However,  the  Fe  dopant  gives  rise  to  various 
problems  such  as  low  thermal  stability,  electrical  activity  which 
decreases  sharply  on  vicinal  (100)  and  high  index  planes  (111)  and 
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finally  dopant  interactions  when  co-doped  with  Zn  [8].  Anionic  antisite 
(Pin)  could  also,  in  principle,  play  a  decisive  role  in  the  production  of  SI 
layers  by  Fermi  level  pinning  since,  by  analogy  with  the  Asoa.  the 
phosphorus  antisite  is  a  double  donor  with  a  first  ionisation  level  0/+ 
located  near  midgap.  However,  it  appears  difficult  to  grow  InP  at  low 
temperature  by  the  MOVPE  technique  because  the  growth  is  limited  to 
300-350°C  by  the  surface  decomposition  of  both  metalorganic  and 
hydrides  molecules.  A  well  adapted  growth  technique  seems  to  be  the  so 
called  Gas  Source  MBE  (GSMBE)  which  uses  a  solid  In  source  and 
precracked  PH3.  The  absence  of  a  decomposition  limiting  process  at  the 
growing  surface  allows  the  use  of  substrate  temperatures  as  low  as 
room  temperature.  In  this  communication  we  will  concentrate  on  the 
structural  and  defect  analysis  of  InP  layers  grown  at  low  temperature 
(LT)  by  GSMBE. 


EXPERIMENTAL  GROWTH  DETAILS 

The  growth  has  been  carried  out  in  a  CBE  Riber  32P  machine  where 
an  In  solid  source  has  been  installed.  PH3  is  introduced  via  a  low 
pressure  Molybdenum  cracker  cell  achieving  a  complete  PH3 
dissociation  into  P2  at  800°C.  The  substrate  temperature  was 
calibrated  using  the  melting  point  of  InSb  and  then  controlled  by  a 
thermocouple  positionned  on  the  backside  of  the  substrate  holder.  InP 
growth  rate  and  PH3  flow  rate  were  fixed  to  1pm/h  and  20sccm 
respectively  for  all  experiments.  Typical  growth  chamber  pressures  are 
around  9x10-5  Torr.  Lowering  the  temperature  to  200°C  under  PH3  flux 
leads  to  a  change  of  the  reflection  high  energy  electron  diffraction 
(RHEED)  pattern  from  a  2X4  to  a  2X1  reconstruction.  When  growth  is 
initiated,  the  surface  reconstruction  shifts  to  a  1X1.  Film  composition 
is  determined  by  electron  microprobe  analysis. 


RESULTS 

All  the  samples  grown  exhibit  a  mirror-like  aspect  even  when  the 
layers  are  amorphous.  Figure  1  shows  the  phosphorus  stoechiometry  as 
a  function  of  growth  temperature.  Lowering  growth  temperature  to 
200°C  or  below  leads  to  an  excess  phosphorus  concentration  of  at  least 

1%  as  in  the  case  of  LT  GaAs.  It  is  yet  not  clear  how  the  phosphorus 

atoms  in  excess  are  incorporated  but  it  can  be  suggested  that  it  is 

likely  as  antisites  and  clusters  by  analogy  with  GaAs.  The  effect  of 

lowering  the  growth  temperature  down  to  200°C  also  leads  to  a 
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Fig  1:  Phosphorus  stoechiometry  as  a  function  of  the  growth  temperature  without  post 
anneafing. 

reduction  of  surface  reactions  and  mobilities  of  the  molecules  on  the 
surface,  thus  inducing  a  transition  in  the  growth  mode.  As  shown  in 
figure  1,  we  can  define  three  temperature  ranges:  in  the  first  (170- 
200°C)  monocrystalline  layers  are  produced;  the  second  (100-170°C) 
produces  polycrystalline  layers  and  finally  in  the  third  (25-1 00°C)  the 
layers  are  amorphous.  It  'hould  be  noted  that  a  recrystallisation  of  the 
amorphous  layers  is  possible  by  an  annealing  step  at  600°C  after  the 
low  temperature  growth,  on  top  of  which  epitaxial  growth  can  be  made. 
It  appears  thus  that  the  temperature  range  of  interest  is  170-200“C,  at 
least  under  the  growth  conditions  used  in  this  study. 


Fig  2:  400  X-ray  diffraction  of  an  tnP  layer  grown  at  ISO^C 
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Figure  2  shows  the  (400)  double  X-ray  diffraction  spectrum  of  a  2iim 
thick  unanealled  InP  layer  grown  at  180°C.  Two  components  can  be 
clearly  observed  in  the  diffraction  peak.  The  full  width  at  half 
maximum  is  low  (60")  demonstrating  the  good  crystalline  quality  of  the 
layer.  The  lattice  constant  difference  of  the  layer  from  that  of  the 
substrate  can  be  attributed  to  the  presence  of  strain  induced  by  the 
phosphorus  excess.  After  high  temperature  annealing  (560°C),  the 
rocking  curve  of  the  epilayer  is  quite  similar,  if  not  identical  to  that  of 
the  substrate  suggesting  that  phosphorus  has  migrated,  thereby 
reducing  the  net  strain  in  the  layer.  Impurity  analysis  by  Secondary  Ion 
Mass  Spectrometry  (SIMS)  provides  interesting  features.  The  main 
residual  impurities  and  related  concentrations  are  compiled  in  the 
Table  1  and  compared  to  those  obtained  when  the  growth  is  carried  out 
at  high  temperatures  (SSO^C).  Carbon  is  the  main  impurity.  It  acts 
mainly  as  a  shallow  donor  in  InP  [9]  contrary  to  GaAs  where  it  is 


Elements 

Tssieo^c 

T,=530"C 

[H] 

3.10'8 

5.10'6 

[0] 

10'7 

8.10'6 

[C] 

5.10'6 

5.10'5 

[Si]+[S] 

5.10'5 

10'5 

Table  1:  Residual  impurities  concentration  in  InP  grown  at 
low  and  high  temperature  layers. 

incorporated  as  acceptor  in  As  sites.  When  compared  with  residual 
impurities  found  in  conventional  growth  InP  (530°C),  the  main  feature 
of  the  LT  growth  is  the  high  level  of  hydrogen  (3x1 0i 8  cm-3) 
incorporated  in  the  layers.  Typical  hydrogen  concentrations  in  InP 
grown  at  530°C  are  in  the  range  of  5x1  O' 6  to  1x10'^  cm-3.  Hydrogen 
levels  up  to  4x1  O' 9cm -3  are  measureo  in  the  amorphous  and 
polycrystalline  samples  grown  at  the  lowest  temperatures.  This 
hydrogen  comes  from  the  thermal  dissociation  of  PH3  into  P?  and  H2.  The 
higher  carbon  concentration  determined  in  the  LT  growth  is  due  to  the 
current  use  of  metal-organic  group  ill  sources  in  our  growth  system 
which  leads  to  a  relatively  high  carbon  uptake. 

The  role  of  hydrogen  in  crystalline  semiconductors  has  been  observed  to 
change  the  electrical  and  optical  properties  of  the  layers.  Hydrogen  has 
been  found  to  form  neutral  complexes  and  to  passivate  dopant  atoms, 
and  eventually  other  impurities  and  lattice  defects  [11].  However  little 
information  is  available,  to  our  knowledge  concerning  InP  grown  in  a 
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ANNEALING  TEMPERATURE  fC) 


Fig  3:  InP  conductivity  variation  with  annealing  temperature 

hydrogen  environment  as  it  is  the  case  in  GSMBE.  All  the  annealed  layers 
are  found  to  be  n-type  a?  300K  with  carrier  concentrations  in  the  range 
of  1016  cm-3  with  very  low  associated  mobilities  ranging  from  400  to 
900  cm2/V/s  Conductivity  has  been  examined  versus  thermal  annealing 
in  the  100'’C-500°C  temperature  range.  Figure  3  shows  the  conductivity 
as  a  function  of  the  temperature.  At  temperatures  lower  than  200°C  all 
the  samples  exhibit  a  relatively  high  resistivity  (5x102-103  n.cm).  The 
conductivity  increases  with  increasing  the  annealing  temperature  until 
it  reaches,  around  450°C,  a  constant  value.  A  reasonable  explanation  for 
this  behavior  is  that  shallow  donor  and/or  acceptors  passivated  by 
hydrogen  become  electrically  active  following  H  out-diffusion.  This 
result  is  in  good  agreement  with  infrared  absorption  measurements  on 
Hydrogen  complexes  in  bulk  InP  [11].  Nevertheless,  other  possibilities 
have  to  be  considered  such  as  annealing  of  defects  which  compensate 
the  shallow  donors  or  the  incorporation  on  substitutional  sites  of  the 
shallow  impurities. 


CONCLUSION 

The  LT  growth  of  InP  by  GSMBE  is  found  to  introduce  an  excess  of 
phosphorus  atoms.  Good  quality  single  crystals  can  be  obtained  with  P 
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excess  at  least  of  1%  in  the  170-200°C  temperature  range.  Without  any 
post  annealing  the  samples  exhibit  a  relatively  high  resistivity  (5x102- 
103  Q.cm).  The  introduction  of  a  post  annealing  step  up  to  250°C  leads 
to  conductive  layers  with  a  net  electron  concentration  of  about  lO'S  cm 
3  having  low  mobilities.  Although  Pin  defects  are  introduced  by  the  low 
temperature  growth,  all  the  layers  are  found  to  be  n-type.  It  is 
necessary  in  order  to  obtain  SI  InP,  that  acceptor-type  defects  with 
large  ionisation  energies  are  created  to  compensate  the  remaining 
donors.  It  is  possible  to  achieve  this  by  doping  with  a  p-type  impurity 
such  as  beryllium.  Using  this  approach,  preliminary  measurements  on  Be 
doped  LT  InP  have  given  high  resistivities  above  10^  Q.cm  at  room 
temperature  after  a  post-annealing. 

Acknowledgement 

The  authors  would  like  to  thank  Mr  C.  Grattepain  for  SIMS 
measurements  and  Mme  O.Lagorce  for  electron  microprobe  analysis. 

References 

[1]  C.R.Wie,  K.Xie,  D.C.Look,  K.R.Ev.ans  and  C.E.Stutz  6th  conf.  on  semi 
insulating  lll-V  materials,  Toronto  Canada  1990,  p71. 

[2]  F.W. Smith,  H.R.Calawa  Chang-lee  Chen,  M.J. Mantra  and  L.J.  Mahoney 
IEEE  elect.Dev.  Lett.  9,  77  (1988). 

[3]  H.J.Von  Bardeleben,  D.Stievenard,  D.Deresmes,  A. Huber  and 

J. C.Bourgoin,  Phys.Rev.  B34,  7192  (1986) 

[4]  M.Y.Frankel,  J.F. Whitaker,  G.A.Mourou,  F.W. Smith  and  A.R.Calawa,  IEEE 
Trans  Electron.  Devices  37,  2493  (1990) 

[5]  B.J.F.  Lin,  D.E.  Mars  and  T.S.Low  46th  ann.  Dev.  Res.  Conf.  (Boulder, Co) 
1988,  VA-6. 

[6]  H.J.Von  Bardeleben,  J.P.Hirtz  J.Ch. Garcia,  M.O.Manaresh,  C.E.  Stutz  and 

K. R. Evans, Proceeding  of  the  MRS  fall  meeting  1991,  Boston  USA. 

[7]  R. A. Metzger,  A. S. Brown,  R.G. Wilson,  T.Liu,  W.E.Stanchina,  L.D. Nguyen, 
A.E.Smitz,  L.G.McGray  and  J.A.Henige,  Proceeding  of  the  MRS  fall  meeting 
1991,  Boston  USA. 

[8]  M.Kondo,  M.Sugawava,  A.  Yamaguchi.  T.Tanahashi,  S.lsozumi  and 
K.Nakojima  18th  Conf.  on  solid  state  devices  and  materials,  Tokyo  p62V 
1986. 

[9]  P.Maurel,  J.Ch. Garcia,  P.Bove,  J.P.Hirtz  and  C. Grattepain,  submitted 
for  publication. 

[10]  S.J.  Pearton,  J.W.  Corbett  and  T.S.Shi  Appl.  Phys.  A43,  153,  (1987) 

[11]  B.Pagot,  (private  communication) 


283 


LOW-TEMPERATURE  GROWTH  AND  CHARACTERIZAllON  OF  InP  GROWN  BY 
GAS-SOURCE  MOLECULAR-BEAM  EPITAXY 


B.  W.  Liang,  Y.  He  and  C.  W.  Tu 

Department  of  Electrical  and  Computer  Engineering,  University  of  California,  San  Diego,  La 
Jolla,  CA  92093-0407. 


ABSTRACT 


Low-temperature  (LT)  growth  of  InP  by  gas-source  molecular-beam  epitaxy  has  been 
studied.  Contrary  to  GaAs,  InP  grown  at  low  temperature  (from  2(X)  °C  to  410  °C)  shows  n- 
type,  low-resistivity  properties.  The  electron  concentration  changes  dramatically  with  growth 
temperature.  A  model  of  P  antisite  defects  formed  during  LT  growth  was  used  to  explain  this 
experimental  result.  Ex-sim  annealing  can  increase  the  resistivity,  but  only  by  a  factor  of  about  6. 
Heavily  Bc-dopcd  LT  InP  also  shows  n-type  property.  We  believe  this  is  the  first  repon  of  an 
extremely  high  concentration  of  donors  formed  in  LT  InP  and  n-type  doping  by  Be  in  Ill-V 
compounds. 


INTRODUCTION 

Annealed  GaAs  layers  grown  at  low  temperature  exhibit  extremely  high  resistivity  11-3] 
and  short  carrier  lifetime  [4,  5],  but  unexpectedly  high  mobility  [4).  High  resistivity  is  desirable 
for  both  field-effect  transistors  and  optoelectronic  devices.  Short  carrier  lifetime  combined  with 
high  mobility,  is  advantageous  for  ultra-fast  switches.  Low-temperature  growth  of  various 
arsenides  has  become  one  of  the  most  interesting  topics  today.  Different  models  have  been 
proposed  to  explain  the  properties  of  LT  GaAs  16, 7). 

As  another  important  member  of  the  III-V  family,  InP  grown  at  low  temperature  and  its 
properties  have  not  been  investigated.  In  this  paper,  we  have  systematically  studied  the  growth  of 
InP  by  gas-source  molecular-beam  epitaxy  (GSMBE)  at  low  temperature  (from  200°C  to  4I0°C), 
and  the  properties  of  both  as-grown  and  annealed  LT  InP  thin  films  by  reflection  high-energy 
electron  diffraction  (RHEED),  Hall-effect  measurement,  I-V  characteristics,  and 
photoluminecence.  Extremly  high  concentration  of  donors  and  anomalous  doping  behavior  of  Be 
in  LT  InP  grown  by  GSMBE  has  been  observed  for  the  first  time. 


EXPERIMENTAL  PROCEDURE 

The  samples  were  grown  in  an  Intervac  (Varian)  Gen-II  MBE  machine  modified  to 
handle  arsine  and  phosphine  An  Intervac  gas  cracker  for  cracking  group-V  hydrides  and  EPI 
Mat.  Res.  Soc.  Symp.  Proc.  Vol.  241.  1992  Materials  Research  Society 
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effusion  cells  for  In,  Ga,  Be  and  A1  were  used.  The  growth  rate  of  InP  was  fixed  at  1  monolayer 
per  second.  The  growth  temperature  was  calibrated  by  a  pyrometer  and  the  melting  point  of 
InSb.  The  cracker  temperature  was  1000°C.  The  LT  InP  layers  were  grown  in  the  growth 
temperature  range  of  200°C  to  410°C,  and  with  a  phosphine  flow  rate  range  of  0.8  seem  to  2.4 
seem.  Ex-situ  annealing  was  performed  in  forming  gas  (15%  H2  and  85%  N2).  During 
proximity  annealing,  the  sample  surface  was  protected  by  another  piece  of  InP  substrate. 
RHEED  pattern  was  used  to  monitor  the  growth  front.  Hall-effect  measurements  and  I-V  curves 
were  used  to  characterize  electrical  properties  of  LT  InP  grown  on  (001)  semi-insulating  and  n"*"- 
InP  substrates,  respectively.  Photoluminecence  was  used  to  characterize  optical  properties  of  LT 
InP  . 


RESULTS  AND  DISCCUSION 

Among  growth  parameters,  the  growth  temperature  is  the  most  important.  Figure  1 
shows  the  electron  concentration  of  undoped  InP  as  a  function  of  growth  temperature  at  a 
phosphine  flow  rate  of  1 .5  seem.  Below  500°C.  the  electron  concentration  of  undoped  InP, 

similar  to  InAs  18],  increases  with 
decreasing  growth  temperature.  At 
3'10°C,  the  electron  concentration  is 
as  high  as  4.5xl0'*cm‘^.  When  the 
growth  temperature  decreases 
further,  the  electron  concentration 
begins  to  decrease.  We  believe  that 
native  defects  dominate 
electricalproperties  of  LT  InP.  At  a 
fixed  phosphine  flow  rate,  the 
lower  the  growth  temperature  is,  the 
higher  the  phosphorus 
incorporation  into  the  layer.  The 
species  of  native  defects  in  InP  are 
Pj  (phosphorus  self-interstitial),  Pj^ 
(phosphorus  antisite  defect),  In^  (In 
self-interstitial),  Inp  (In  antisite 
defect)  and  Vp  (phosphorus 
vacancy)  for  In-rich  InP;  or 
combination  of  lhe,ses  defects.  Of 


I 

1 


Growth  Temperature  (°C) 


Fig.  1  The  electron  concentration  of 
GSMBE  InP  vs.  growth  temperature  at  i.5 
seem  of  phosphine  flow  rate  and  1.0 
monolayer  per  second  of  growth  rate. 
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these,  Pt,,,  In^  and  Vp  are  donors,  and  the  others  are  acceptors.  Because  phosphorus  atorr.j  are 
much  smaller  than  In  atoms,  it  is  expected  that  more  P  atoms  will  occupy  the  In  sites,  instead  of 
interstitial  sites.  This  can  then  ,.xplain  that  undop^d  LT  !nP ’s  n-type.  However,  when  the 
growth  temperature  decreases  further,  more  Pj  m."'  -  '«  present  because  many  extra  phosphorus 
atoms  become  incorporated  into  the  deposited  layer.  Therefore,  the  electron  concentration 
decreases.  Photoluminecence  measuretrents  at  4C  K  show  that  the  full  width  at  half  maximum 
(PTVHM)  is  2  meV  for  a  sample  grown  at  500  °C,  1 1  meV  for  a  sample  grown  at  410  °C,  and  no 
luminecence  for  samples  grown  at  temperatures  below  400  “C. 

Figure  2  shows  the 
resistivity  and  carrier  concentration 
of  undoped  LT  InP  as  a  function  of 
phosphine  flow  rate  at  a  growth 
temperature  of  200°C.  Between  1 .0 
seem  and  2.0  seem  of  the 
phosphine  flow  rate,  the  electron 
concentration  of  undoped  LT  InP  is 
abo  It  7x1  o’’  cm'^  with  a  resistivity 
abt'Ul  0.02  Q-cm.  Mirror-like 
surface  morphology  of  these 
samples  were  obtained.  On  the 
ether  hand,  if  the  phosphine  flow 
rate  ;s  be.ow  1,0  seem  or  above  2.0 
seem,  I  i'  InP  grown  at  200"C  is 
polycrvsialline  according  to  the 
RULED  pi’’  and  its  resistivity 
(carrier  concentration)  increases 
(decreases)  with  increasing 
nonstoichiometry.  The  surface 
morphology  of  these  samples 
become'  either  white  (In  rich)  or 
black  (P  ricn,  \t  a  fixco  grow  th 
temperature  and  In-beam  flux,  the  crystallinity  and  surface  morphology  of  LT  InP  layers 
deteriorate  with  increasing  PH3  flow  rate  above  I  9  seem.  For  the  LT  InP  layer  grown  on  an  n''  - 
InP  substrate,  Au  dots  are  evaporated  on  the  suri'ace.  1-V  eurves  -how  very  good  ohmic  contact 
characteristics  between  Au  and  LT  InP  without  any  alloying. 

Be  is  a  popular  p-type  dopant  for  InP  grown  by  molecular -beam  epitaxy  (MBE)  19].  One 
ca.1  obtain  an  acceptor  concentration  as  high  as  3xl0'^  cni'^  However,  as  shown  in  Figure  .), 
we  can  not  obtain  p-type  InP  by  Be-doping  in  LT  InP.  even  the  Be  doping  level  is  as  high  as 
1  xIO’^  cm'^  of  acceptor  concentration  for  normally  grown  InP  in  our  system.  With  increasing 


Phosphine  Flow  Rate  (seem) 


Fig. 2  The  resistivity  (solid  circles)  and 
electron  concentration  (open  circles)  of  LT 
InP  (200°C)  vs  phosphine  flow  rate. 
Growth  temperature  was  200'’C  and  growth 
rate  was  1.0  monolayer  per  second.  The 
depodit  layers  were  polycrystalline-like  InP 
if  phosphine  flow  rate  below  1.0  seem  or 
above  2.0  seem. 
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Fig. 3  The  electron  concentration  of  Be- 
doped  LT  InP  vs  Be  doping  level.  The 
dashed  line  shows  the  electron 
concentration  of  undoped  LT  InP.  Growth 
temperature  was  200°C.  Phosphine  flow 
rate  was  1 .5  seem. 


Fig.4  The  resistivity  of  undoped  (open 
circles)  and  Be-doped  (solid  circles,  Be- 
850°C)  LT  InP  vs  ex-situ  annealing  time  (in 
forming  gas).  Anneal  temperature  was 
500“C. 


Be  doping  level  the  electron  concentration  in  LT  InP  decreases  first  and  then  increases.  We 
believe  that  there  must  be  some  interaction  between  native  defects  and  Be  atoms.  Because  Be  is  a 
group-II  element,  the  only  possibility  for  Be  being  a  donor  in  InP  is  that  it  is  self-interstitial. 
Therefore,  in  LT  InP,  if  the  Be  doping  level  is  not  too  high  (  <  5x10'*  cm"^  ),  a  fraction  of  the 
Be  atoms  still  occupy  In  sites  as  acceptors.  When  the  Be  doping  level  is  high  (  >  5xl0'*  cm'^  ), 
more  Be  atoms  may  prefer  to  occupy  interstitial  sites  and  form  (Bej^-Bej)  complex,  which  has 
been  taken  as  a  deep  donor  ( lOJ.  Ex-situ  annealing  at  500®C  for  30  minutes  in  forming  gas  can 
increase  the  resistivity  of  undoped  and  Be-doped  LT  InP  by  factors  of  6  and  60,  respectively,  as 
shown  in  Figure  4.  Part  of  the  initial  increase  in  resistivity  upon  annealing  may  be  due  to 
reactivation  of  impurities  and  defects  that  have  been  passivated  by  hydrogen  which  comes  from 
cracked  phosphine. 

The  presence  of  hydrogen  during  growth  is  an  important  difference  between  GSMBE  and 
MBE.  Hydrogenation  of  defects  and  impurities  in  III-V  compounds  has  been  studied  by  several 
groups  [11-15).  In  GSMBE,  at  a  relatively  high,  normal  growth  temperature,  hydrogen  species 
from  cracked  group-V  hydrides  are  not  incorporated  in  the  deposited  layer.  However,  hydrogen 
passivation  of  defects  and  dopants  may  occur  during  LT  growth.  At  low  growth  temperature, 
hydrogen  is  able  to  be  incorporated  into  the  deposit  layer  and  may  passivate  some  defects  and 
dopants.  To  investigate  this  possibility,  we  grew  Si-doped  and  Be-doped  InP  layers  on  (001) 
semi-insulating  InP  substrates  at  a  normal  growth  temperature  of  500°C.  Then,  the  sample 
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temperature  was  decreased  to  about  200°C  while  the  layer  was  exposed  to  the  cracked-phosphine 
beam  for  30  minuets.  The  cracker  temperature  was  kept  at  1000°C.  For  Be-doped  InP,  the  carrier 
concentration  decreased  from  3.5x10’^  cm'^  to  2.3x10*^  cm'^,  but  for  Si-doped  InP,  the  carrier 
concentration  remained  the  same.  A  similar  behavior  has  been  reported  in  ref.  [15]  with  p'*’- 
InP-.Zn  using  hydrogen  plasma.  Compared  to  the  result  in  ref.  115],  hydrogenation  of  Be  is  not 
as  effective  as  that  of  Zn.  The  difference  may  result  from  different  elements  or  different  hydrogen 
source.  Therefore,  the  hydrogen  presence  during  GSMBE  can  affect  the  properties  of  deposited 
layers,  especially  for  LT  grown  materials.  Even  though  we  could  not  distinguish  how  much  of 
the  resistivity  change  come  from  dehydrogenation  of  native  defects  andl/or  impurities  in  Figure  4 
at  this  time,  hydrogenation  of  defects  and  impurities  during  LT  GSMBE,  we  believe,  is  one  of 
the  most  important  factors  that  dontinate  the  property  of  LT  grown  materials.  Further  studies  on 
the  effect  of  hydrogen  on  the  deposited  layer  properties  is  being  performed  in  this  group. 


CONCLU.SION 

The  properties  of  LT  InP  have  been  studied  systematically.  Contrary  to  GaAs,  LT  InP 
shows  n-type,  low  resistivity.  Be  in  LT  InP  exhibits  abnormal  doping  behavior.  P-type  LT 
InP.Be  can  not  obtained.  Be  interstitial  has  been  assumed  to  explain  this  anomalous  experimental 
result. 
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ABSTRACT 

Tran.smission  and  High  Resolution  Electron  Microscopy  have  been  used  to  study  the 
dramatic  changes  in  crystalline  quality  which  occur  in  As-rich  lno.52AIO.48As/lnP  layers 
when  the  growth  temperature  is  lowered.  We  have  found  that  for  temperatures  as  low  as  200°C 
and  for  a  flux  ratio  of  20,  the  layers  can  be  of  high  quality.  For  the  lowest  growth  temperature 
of  150°C,  pyramidal  defects  as  well  as  hexagonal  As  grains  are  found  which  are  characteristic 
of  the  breakdown  of  the  monocrystalline  growth  in  these  layers.  A  mechanism  for  the 
formation  of  these  defects  is  proposed  based  on  their  crystallographic  structure.  The  fast  photo 
response  previously  observed  in  these  layers  must  be  related  to  the  presence  of  these  defects. 

INIKODUCTION 

InAlAs  layers  grown  under  low-temperature  conditions  have  been  recently  used  as 
buffer  layers  for  field-effect  transistors,  resulting  in  improved  device  performance  (1).  It  has 
previously  been  shown  [2]  that  recombination  times  as  low  as  400  fs  could  be  obtained  for 
InAIAs  grown  at  a  temperature  as  low  as  150°C.  This  material  therefore  shows  great  potential 
for  the  realization  of  subpicosecond  optoelectronic  switches  and  other  applications.  There  are 
striking  similarities  between  this  material  and  the  more  well  studied  "low-temperature"  GaAs. 
Both  materials  are  generally  grown  at  low  temperature  (in  the  150-300‘’C  range)  under  arsenic 
overpressure  and  thereafter  exhibit  semi-insulating  properties  and  fast  response  [3).  We  have 
shown  in  a  previous  paper  that  the  stoichiometry  of  the  layers  as  measured  by  particle  induced 
x-ray  emission  (PIXE)  experiments  is  a  strong  function  of  growth  temperature  [4).  It  was 
found  that,  as  in  the  case  of  LT  GaAs,  the  semi-insulating  properties  of  the 
In0.52Al0.48As/InP  layers  are  related  to  the  presence  of  a  large  fraction  of  excess  As  in  these 
layers,  up  to  several  percent.  The  content  of  excess  As  (1-2%)  in  the  layers  is  increased  when 
lowering  the  growth  temperature  (<200  C). 

Since  it  is  likely  that  a  device  is  to  be  fabricated  on  an  epi-layer  grown  on  top  of  such  a 
layer,  the  crystalline  quality  of  these  layers  is  of  great  importance.  For  "low-temperature"  (LT) 
GaAs  and  InAIAs,  however,  the  range  of  growth  conditions  for  which  good  crystallinity,  good 
semi-insulating  properties  and  fast  response  are  simultaneously  obtained  is  quite  narrow,  if  it 
exists  at  all. 

In  this  paper  we  show  that  the  crystalline  quality  of  Ino.52AI0.48AsAnP  layers  is  a 
sensitive  function  of  the  growth  temperature.  Transmission  electron  microscopy  (TEM)  in 
plane  view  and  cross-section  as  well  as  High  Resolution  Electron  Microscopy  (HREM)  were 
used  to  study  the  influence  of  the  growth  temperature  on  the  structure  of  the  layers  and  the 
"pyramidal  defects",  which  characterize  the  breakdown  of  crystalline  growth  for  the  lowest 
growth  temperature  of  150  C. 
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EXPERIMENTAL  DETAILS 

1-p.m-ihick  In0,52Al0.48As/InP  layers  were  grown  on  Fe-doped  semi-insulating  ( 100) 
InP  substrates  by  MBE  at  a  growth  rate  of  0.7-1  iim/hr  and  under  As  overpressure 
(As/(As-t-ln)  flux  ratio  ~  20)  at  150°C,  200°C,  300°C  and  480°C.  The  substrates  were  prepared 
for  growth  by  standard  degreasing  and  etching  in  0.5%  bromine  methanol  and  5  H2SO4  ;  1 
H2O  :  1  H2O2.  Growth  was  done  on  As  stabilized  (2x4)  reconstructed  surfaces.  One  sample 
grown  at  150°C  was  further  annealed  in  situ  at  500°C  for  10  min.  The  morphology  of  the 
samples  was  characterized  by  increased  roughness  with  lowering  of  growth  temperature.  High 
resistivity  behavior  was  observed  in  all  the  layers.  For  the  material  grown  at  150°C,  the 
resistivity  further  increased  by  approximately  an  order  of  magnitude  after  annealing  (2). 

TEM  experiments  of  plane  view  as  well  as  cross-section  samples  were  carried  out  on  a 
lEOL  200  keV  top  entry  microscope  with  a  resolution  of  0.24  nm  and  on  the  ARM  of  Berkeley 
operating  at  800  keV  with  a  resolution  of  0. 17  nm. 


RESULTS  AND  DISCUSSION 

Fig.  1  is  a  set  of  micrographs  showing  the  change  in  the  structure  of  the  layers  grown 
at  different  temperatures.  All  layers  are  characterized  by  a  small  lattice  mismatch  (0.5- 1.5%)  to 
the  InP  substrate  as  recognized  by  x-ray  diffraction.  This  lattice  mismatch  is  caused  by  a  slight 
change  of  the  element  ratio  (In/As,  x(In)<0.52)  up  to  about  7%,  which  was  measured  by 
PIXE.  In  all  layers  stacking  faults  could  be  observed  with  different  concenmation  (450°C: 
=  10^cm'2,  200°C:=108cm'2)  starting  at  some  depth  from  the  interface.  They  extend  toward 
the  surface  while  sometimes  forming  microtwins.These  defects  are  related  to  the  reduction  of 
the  mentioned  lattice  mismatch.  For  the  sample  grown  at  SOO'C  a  few  other  defects  were  also 
found,  such  as  "hair-pin”  and  other  complicated  defects.  The  layers  grown  at  200  C  contains  a 
high  density  of  stacking  faults,  which  lie  on  two  of  the  four  possible  (111)  planes,  e.g  in  the 
case  of  a  [001]  sample  on  (111)  and  (11 1).  On  the  tvo  other  [111]  planes  (e.g.  (Ill)  and 
(111))  ordering  of  the  group-IIl  elements  occurs  (CuPt-type)  in  small  regions.  From 
simulations  of  electron  diffraction  patterns  [4|  it  followed  that  these  ordered  zones  have  a 
substructure  of  a  size  of  about  Inm. 

For  Tg  =  150°C,  however,  the  structure  of  the  layer  is  no  longer  monocrystalline  and 
"pyramidal"  defects  are  clearly  seen  in  high  density.  They  can  be  described  as  a  "core" 
surrounded  by  two  symmetrical  "wings".  They  mostly  consist  of  twin  systems  associated  with 
dislocations.  Elecmm  diffraction  and  dark  field  experiments  on  cross  sectional  samples  clearly 
show  the  presence  of  primary  and  secondary  twins.  Fig.  2a  is  a  HREM  image  showing  the 
structure  of  a  typical  "wing"  far  from  the  core  of  the  defect  This  part  of  the  dr  feet  consists  of  a 
twin  system,  i.e.,  every  4-81111)  planes  there  is  a  stacking  fault  giving  rise  to  a  twin.  As  this 
wing  comes  closer  to  the  core  of  the  defect,  the  twin  systems  tend  to  be  associated  with  many 
dislocations.  This  leads  to  distortions  in  the  crystalline  network  and  to  strong  bending  of  the 
1 1 1 1 1  planes  as  seen  in  the  HREM  image  of  Fig.  2b.  This  also  allows  the  growth  direction  to 
be  slightly  changed  from  place  to  place  (from  <100>  to  the  direction  of  <22 1>) ,  and  this  gets 
worse  as  the  growth  proceeds.  Dark  field  imaging  using  the  spots  characteristic  of  secondary 
twinning  shows  that  the  core  of  a  pyramidal  defect  is  mostly  composed  of  grains  with  both 
orientations  but  with  many  distortions  and  dislocations.  Complete  crystallographic  details  will 
be  given  elsewhere  15). 


291 


Fig.l  Set  of  cross-section 
HREM  images 
showing  the  structure  of  the 
layers  grown  at  different 
temperatures  .  Notice  the 
"pyramidal  defects"  at 
Tg=150°C. 


2ao'c 


150*C 


Fig.  2  HREM  images  of  the 
"wing"  part  of  a  pyramidal 
defect  a)  far  from  the  core  of 
the  defect;  b)  close  to  the 
core. 
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Fig.  3a  is  a  plane  view  image  obtained  from  the  top  of  the  layer.  It  shows  that  the  near 
surface  layer  consists  of  different  grains  of  average  size  about  50  nm.  Most  of  the  grains  are 
heavily  faulted  on  their  1111)  planes.  Fig.3b  is  a  selected  area  electron  diffraction  pattern 
obtained  when  the  electron  beam  is  close  to  <I00>  in  the  substrate.  This  pattern  may  be 
decomposed  as  the  overlapping  of  different  elemental  patterns.  The  two  main  contributions  are 
due  to  the  InAlAs  material  seen  near  the  <100>  and  <01 1>  directions.  This  is  a  clear  indication 
that  the  growth  direction  of  the  layer  is  changed  from  <!00>  to  <01 1>  (also  observed  in  the 
case  of  LTGaAs  [8]).  Moreover,  additional  spots  in  the  diffraction  pattern  marked  by  arrows 
are  readily  identified  as  due  to  rhombohedral  arsenic  (often  referred  to  as  hexagonal  As  for 
crystallographic  convenience)  having  a  particular  orientation  relationship  (O.R.)  with  the 
InAlAs  grains.  This  O.R.  is  usually  the  same  as  that  found  for  hexagonal  precipitates  in  GaAs 
16]  although  some  other  O.R.s  are  also  detected. 


Fig.  3  a)  Bright  field  image  of  the  layer  seen  from  the  surface;  b)  Typical  electron  diffraction 
pattern  along  <1()0>  in  the  substrate.  Arrows  point  toward  spots  of  hexagonal  As. 


HREM  clearly  shows  the  presence  of  a  hexagonal  structure  compatible  with  As 
between  adjacent  InAlAs  grains.  Fig.4a  is  from  such  an  area  and  shows  three  distinct  zones  in 
that  material.  In  the  upper  left  of  the  image,  the  0.2  nm  fringes  are  characteristic  of  the  InAlAs 
material  seen  nearly  along  its  <100>  zone  axis.  The  right  part  of  the  image  shows  the  same 
material  but  seen  along  a  <01 1>  direction,  i.e.,  the  ( 1 1 1 1  planes  are  visible  in  that  case.  Note 
that  these  planes  are  heavily  twinned  with  many  dislocations.  In  the  center  of  the  micrograph, 
a  different  phase  is  seen  while  its  numerical  Fourier  transform  is  shown  inset.  This  allows  us 
to  check  that  this  image  is  consistent  with  the  hexagonal  As  structure  seen  along  the  <1-213> 
direction.  In  this  case,  there  is  not  a  simple  O.R.  of  this  grain  with  respect  to  the  substrate. 
Especially  in  the  near  surfitce  region  the  InAlAs  grains  may  be  highly  disoriented  with  respect 
to  their  pure  prim.try  and  secondary  twinning  components.  In  Fig.  4b  is  shown  a  filtered  image 
of  the  structure  that  enhances  the  visibility  of  dislocations  within  the  hexagonal  As  structure. 
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Fig.  4  a)  HREM  image  of  hexagonal  As  grains  seen  close  to  the  top  of  the  pyramidal  defects. 
Inset  are  the  numerical  Fourier  transforms  of  the  image,  b)  Filtered  image  of  the  same 
grain.  Note  the  dislocations  within  the  As  structure. 


Another  proof  of  the  existence  of  small  layers  of  hexagonal  As  is  given  in  Fig.5,  where  a  set 
of  fringes  cnaracteristic  of  the  (1 1 1)  planes  in  InAlAs  are  seen  in  the  left  part  of  the  image.  The 
other  structure  seen  in  the  center  of  the  image  is  a  hexagonal  As  structure  projected  on  its  basal 
plane,  i.e.,  exhibiting  the  6-fold  symmetry.  These  regions  can  be  correlated  to  the  expected 
increased  incorporation  of  additional  As  (=1-2%)  in  these  layers  grown  at  ISO^C. 

The  pyramidal  defects  have  the  same  morphology  as  those  observed  in  LT  GaAs  17,8). 
As  already  discussed  for  LT  GaAs  19,10)  this  morphology  is  formed  during  growth.  This, 
moreover,  has  been  confirmed  by  examining  annealed  samples.  Because  of  the  changing  In 
and  As  content  the  layers  are  heavily  stressed.  The  usual  stress-relieving  mechanism,  namely, 
the  creation  of  dislocations  on  the  surface,  which  then  move  down  into  the  layer  by  glide 


Fig,  5  HREM  image  of  another 
As  grain  seen  along  <000 1>. 
Note  the  6-fold  symmetry  in  the 
corresponding  optical  diffrac- 
togram. 
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mechanisms,  cannot  operate  in  this  case  because  of  the  low  growth  temperature.  Tliercfore,  we 
assume  that  the  core  of  a  pyramidal  defect  may  grow  faster  than  any  other  part  of  the  defect  or 
of  the  sub.strate.  The  origin  of  defect  formation  is  not  yet  clear  ;  maybe  the  key  to  it  is  the 
formation  of  twins  in  the  layer.  Since  As  atoms  condense  more  efficiently  on  {1111  GaAs 
planes  and  form  hexagonal  (00(11)  planes  the  surface  of  the  layer  near  the  pyramidal  defects 
becomes  rough  and  (111)  facets  are  developed.  This  hypothesis  is  under  investigation. 

In  conclusion,  our  study  shows  that  1  pm-thick  lno.52AlO.48As/lnP  layers  can  be 
grown  on  InP  with  a  high  crystalline  quality  for  Tg  >  200°C.  At  a  lower  growth  temperature 
(Tg=150°C),  pyramidal  defects  are  formed  which  mostly  consist  of  twins,  dislocations  and 
small  lamella  of  hexagonal  As.  A  special  feature  is  the  occurancc  of  ordering  of  group-111 
elements  observed  at  200°C,  which  is  likely  related  to  the  larger  changing  of  the  element  ratio. 
However,  for  the  moment  we  can  not  clearly  stale  how  much  additional  As  is  incorporated  in 
the  layers  in  dependence  on  Tg.  The  lower  the  growth  temperature,  the  higher  should  be  the 
amount  of  this  excess  arsenic  that  can  be  incorporated.  If  this  amount  is  too  high,  the  increase 
of  stress  in  the  layer  and  also  a  surface  roughening  lead  to  the  breakdown  of  monocrystalline 
growth.  This  study  also  shows  that  the  fast  photo  response  that  was  previously  observed  in 
the  layers  grown  at  l.‘i()°C  |2|  is  related  to  either  the  pre.sence  of  hexagonal  As  in  the  material 
or,  more  probably,  the  large  density  of  defects  such  as  dislocations  which  are  observed  in  these 
layers. 
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